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“Do you want to get lucky or do you want to understand it?”

-Lionel C. Kimerling

“Germanium paved the way to Silicon microelectronics...now
Silicon is paving the way to Germanium optoelectronics”



Ge-on-Si LASER for Silicon Photonics

By
Rodolfo E. Camacho-Aguilera

Abstract

Ge-on-Si devices are explored for photonic integration. Importance of Ge in photonics has grown
and through techniques developed in our group we demonstrated low density of dislocations
(<1x10%m™) and point defects Ge growth for photonic devices. The focus of this document will
be exclusively on Ge light emitters.

Ge is an indirect band gap material that has shown the ability to act like a pseudo direct
band gap material. Through the use of tensile strain and heavy doping, Ge exhibits properties
thought exclusive of direct band gap materials. Dependence on temperature suggests strong
interaction between indirect bands, Aand L, and the direct band gap at I'. The behavior is
justified through increase in photoluminescence on Ge. The range of efficient emission is to
120°C with the first band interaction, and above 400°C on the second band interaction.

Low defect concentration in Ge is achieved through chemical vapor deposition at high
vacuum (~1x10® mbar) in a two-step process. The high temperature growth and low
concentration of particles permits epitaxial growth with low defect concentration. Chemical
selectivity forbids Ge growth on oxide. Oxide trenches permit the growth on Si for a variety of
shapes, without detrimentally affecting the strain of the Ge devices.

Dopant concentration above intrinsic growth concentration, ~1x10™cm™ phosphorus,
have been achieved through a series of methods non-CMOS, spin-on dopant; and CMOQOS,

implantation and delta doping. All the techniques explored use enhanced dopant diffusion



observed in Ge under heavy n-type doping. A dopant source, or well, is used to distribute the
dopants in the Ge without increasing the defect concentration.

The approach lead to the development of electrically injected devices, LEDs and LDs. Ge
pnn double heterostructure diodes were made under low, ~1x10"cm™, and heavy n-type doping,
>1x10%cm®. Both devices showed improved performance compared to pin Ge LED.
Furthermore, heavy doped Ge diodes exhibit evidence of bleaching or transparency.

The techniques described permitted the development of Ge-on-Si laser with a
concentration ~1-2x10"°cm™. It is the first demonstration of a Ge laser optically pumped working
under the direct band gap assumption like other semiconductors. It represents the evidence of
carrier inversion on an indirect band gap semiconductor. With 50cm™ gain, the material shows
Fabry-Perot cavity behavior.

Finally, we demonstrated a fully functioning laser diode monolithically integrated on Si.
Ge pnn lasers were made exhibiting a gain >1000cm™ and exhibiting a spectrum range of over

200nm, making Ge the ideal candidate for Si photonics.
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Chapter 1. Introduction

In past decades, there has been a boom in information technology, allowed mainly by the
shrinking size of transistors. This trend is forecasted by Moore’s Law, which states that the
number of transistors in an integrated circuit (IC) doubles nearly every 18 months [1]. As this
trend continues, the other components of the devices also keep shrinking such as electrical
connections. Such a trend leads to adjacent problems as parasitic capacitances, resistive losses,
heat buildup, and so on. These are large technological barriers causing the semiconductor
industry to become increasingly concerned about the viability of Moore’s law [2]. Theoretical
and experimental work has shown the plausibility of performance increase; however, as
nanotechnology provides increased circuit densities, the RC delay increases leading to increase
power density of Si devices. A device dimension under 130nm will be dominated by the
passive power density[3]. Furthermore, current multicore architectures will not allow
performance to scale with Moore’s Law. This is specially seen in parallel applications where
the ability to communicate within a single chip of multiple components decreases as the density
of components increases. As the technology to make smaller and faster transistors improves,
communication between different parts of chips or multiple chips will be constrained.
Continued scalability depends on Si-CMOS technology maintaining the power density while
boosting performance. Si photonics are an extremely promising solution to the problem [4] of
communication between cores. Si photonics has been studied for integration of
microelectronics and optical devices [5-7]. Application of photonics research is evident in the
telecommunication fiber optics industry, where light is transported over the entire world
carrying information of all sorts. On-chip Si photonics research has set the limitations for

integration [8], those being CMOS compatibility and availability for photonic devices
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fabrication. Of the active devices, light sources, lasers or LEDS, have not fulfilled the
requirements.

The integration of microelectronics and photonics was further studied with All-to-All
Computing (ATAC) architecture [6]. It consists of an architecture using on-chip optical
communications instead of electronic paths for multicore communication, bypassing the energy
and bandwidth limitations electrical pathways have. As seen in Figure 1, ATAC architecture
decreases the energy requirements when compared to state of the art 11nm all electrical
connection network architecture (EMesh). ATAC main limitation to outperform its electrical

counterparts is the requirement of a gated light emitter such as an integrated on-chip laser.
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Figure 1.- Total energy breakdown simulation comparing 64 cores ATAC with different
conditions and 11nm electrical mesh counterparts. The energy output is normalized to ATAC
ideal which represents the best conditions for an all optical integrated system [7].

To achieve a gated light source on-chip laser, the device material has to be compatible

with an integrated fabricated chip and operate without a modulator to reduce energy cost. The
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first issue is dependent on the CMOS technology conditions and what is required to be CMOS
compatible. With CMOS-compatibility, knowledge and expertise developed through the
semiconductor industry for Si is retained. Furthermore, CMOS has the ability to scale. The
second condition, modulation, is bounded to material selection properties.

Modulated Si on-chip I11-V lasers have been demonstrated through evanescently
coupling an active AlGalnAs multi quantum well through a Si waveguide [9]. Furthermore, the
approach has been extended to a fully integrated laser on chip with modulators and
photodetectors integrated as demonstrated by scientists at INTEL creating a Si photonics link
[10]. Their design shows clear limitations such as hybrid laser bonding of Il11-V on Si and
separation between the detection and light emission. Furthermore, the addition of non-
temperature stable devices, such as I11-V lasers [11, 12], and nhon-CMOS process, as bonding,
endangers the integrity and operability of the microelectronic chip. CMOS Integration is
needed for an entire chip being capable of generating and detecting the light without
endangering the electrical chip. Furthermore, hybrid systems show serious limitations in yield,

cost and integration. A vision of CMOS on-chip integration is depicted on Figure 2.

Figure 2.- Schematic of an all Integrated Electronic-Photonic Circuit. The model can be

expanded to as many cores (circuit control) as desired.
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Si-based photonic components are fully CMOS compatible. On material compatibility,
Germanium (Ge) covers all CMOS prerequisites. Ge has been a widely investigated material
since it was used for the first transistor [13, 14]. It was the semiconductor material of choice in
the late 40’s since it was grown with the best crystalline quality at that time [15]. It literally
paved the road for Si-electronics. Ge was heavily researched and a vast amount of theories and
experiments were built, which are still of prime importance today in more than just the
microelectronics industry.

Ge, as well, has been demonstrated to work as the active material in modulators and
photodetectors [16-19]. Of the ATAC network only a CMOS light source is missing. Ge is
suggested as the only material capable of conforming to the CMOS standards and be a light
emitter for photonic integration.

In this thesis work, it will be demonstrated that Ge can emit light as an LED[20] and as
a laser [21, 22] in the near-infrared regime (NIR). These discoveries open the doors for full

opto-electronic integration.

1.1 Ge light emitters

Recent work has established the potential of n-type Ge as a light emitting material for
integrated Si photonic networks [16-19, 21]. The introduction of tensile strain and n-type
dopants increase the radiative efficiency of the direct bandgap transition enabling room
temperature operation of Ge LEDs[20, 21, 23]. The realization of an optically or electrically
pumped Ge laser on Si has been hindered by loss mechanisms associated with injection,
including scattering and absorption from cladding structures surrounding the active Ge region.
These additional losses require the development of more concentrated doping profiles since the

optical gain of Ge is strongly dependent on the presence of activated dopants and defects in the
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Ge crystal matrix [24]. Minimizing loss through waveguide and laser cavity design is also
crucial to achieving a functioning electrically pumped laser.
Ge has shown bleaching under heavy doping ~1x10**cm™ and 0.25% tensile strain [25].
The measured Ge gain is ~50cm™. New evidence has shown that Ge gain values are higher than
2000cm™ through ultra-fast pumping, and suggesting new paths of carriers recombination [26].
The gain can be utilized for formation of optical pump devices, as will be shown, but for
electrical devices higher gain is required to overcome additional sources of loss. It will be
shown that doping is directly correlated to the gain in Ge.
Moreover, Ge light emitters show a series of desirable properties:
= monolithic integration since it can be grown straight on Si
= multi-A emission, providing access to wavelength division multiplexing
= ease of electrical injection with CMOS metals
= thermally stable up to 120 °C
= process integrated with basic CMOS foundries
= high volume production, reducing the cost through scaling
Adding to these properties, simulations have shown that Ge can perform under similar
conditions to typical 111-V lasers, as seen in Table 1. Most importantly is that under new
findings Ge keeps performing better than expected.

Table 1.- Ge and InGaAsP simulation comparison from known variables.

Ge InGaAsP
FCA (Cm'l) 45-340 ~10
3, Ncmz) 5.8-16 1.15
n, 0.15 0.23
P_(1=50mA) mw 5.5-18 9
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Ge has the possibility to revolutionize the technology of the world as we know it and

pave the road for the future of microphotonics as it did in the past for microelectronics.

1.2 Thesis goal and outline

The goal of this thesis work is to investigate the properties of Ge under heavy doping, high
carrier injection and high temperatures. As will be seen, knowledge of the material has been
scattered since the beginning of the semiconductor race. Ge as a light emitter has small
maturity and its properties have not been fully understood. Furthermore, the final goal is to
demonstrate the procedure and results of a CMOS compatible laser through optical and
electrical injection.

In Chapter 2, theoretical and experimental work on tensile strained Ge is shown. In
order to understand interactions between conduction bands, different levels of strain and doping
concentration, a theoretical framework is presented. A summary of carrier recombination and
what it represents for Ge light emission is portrayed. A result of total gain in the material will
be described. Laser cavity design is covered through description of the resonators made for this
work, Fabry-Perot cavities and microdisks.

In Chapter 3, an explanation of the processing of Ge is described. Dependence on
temperature, doping and pressure are explained, as well as abnormalities found in our system.
A description for growth according to the dimensions desired is explained. Furthermore, a
description of the correlation of doping with single crystallinity is shown with non-buffer
growth, adding possible for new routes for Ge growth.

In Chapter 4, dopant descriptions and difficulties in contributing to the net carriers in

the Ge band structure are illustrated. Different approaches used to overcome boundaries such as
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the kinetics of growth are demonstrated. Processes developed through this work, such as spin-
on-dopant, implantation diffusion and delta-doping, are described in detail.

In Chapter 5, band gap changes with increased doping and temperature are covered.
The effects are divided between band-gap narrowing for dopants and electron-phonon
interactions for thermal excitations. The importance between overlap of density of states
between different bands and excess free carrier density is also described. Ge operation under
high temperatures is compared to other semiconductors.

In Chapter 6, Ge pnn LEDs are shown at different doping concentrations. Electrical
and optical characteristics are shown. Performance at higher temperatures and evidence of
unexpected effects are described. Evidence of gain is shown under high injections.

In Chapter 7, Ge-on-Si LASER is described. Comparison between optically pumped
and electrically pumped devices is shown. Simulations are shown that Ge can perform
effectively as a laser under certain conditions. Description of loss mechanisms and optimization

of the structure are discussed.

Finally, a summary with the findings for Ge light emitters will be shown. Simulations of

possible new directions in the laser design and the study of the Ge band are portrayed.

Appendixes contain steps and conditions for fabrication of Ge devices.
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Chapter 2. Background and Theory

The Ge theoretical background is reviewed to understand how Ge as an indirect bandgap
semiconductor can become a laser. In order to use Ge as a lasing material, the material
properties of interest are Ge band structure and engineering of it; Ge gain and optical
properties; and the laser cavity design.

The properties of Ge band structure and the need for heavy n+doping and strain are
presented. Band gap engineering is presented as a solution for achieving pseudo-direct band
gap properties in Ge. Heavy doping further modifies the band structure by a phenomena call
band-gap-narrowing (BGN).

The rates of Ge carrier recombination, Ge radiative and nonradiative rates, and possible
losses are discussed. Absence of defects provides the best conditions for radiative
recombination and can be attained through high temperature growths. The relevance of Ge
material quality to device optical gain and its implications to achieve lasing are explained.

Laser cavity design is explored with Ge-on-Si cladded with SiO,. Multiple types of
cavities were analyzed; however, a simple design was pursued. Fabry-Perot cavities are
described as the simplest design and most effective way for demonstration of the Ge laser.

For this work, it is demonstrated that for Ge lasing a dopant concentration of >10*°cm,
carrier injection densities of >10'%cm™, and Fabry-Perot cavities are the simplest and most
effective design for this demonstration. Through the reading of this work it will be evident that

these steps are necessary to understand and further treat the problem of Ge on Si laser devices.
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2.1 Ge Band Structure

Ge is normally recognized as a poor light emitting material due to its indirect band structure, as
depicted in Figure 3. Germanium indirect band gap emission is a multiparticle process
requiring electrons, holes and multiple phonons. The indirect transition tends to be slow due to
the multibody interactions. However, the direct band-to-band optical transition in Ge is a very
fast process with a radiative recombination rates ~4-5 orders of magnitude higher than that of
the indirect transition. The direct transition involves only two-carrier interactions, instead of
three-carriers as in indirect transition, making its likelihood more probable. Thus, the direct gap
emission of Ge is, in principle, as efficient as that of direct gap 111-V materials [20, 25, 27].
Moreover, Ge direct band transition occurs at 0.8ev ~ 1550nm which is an important
wavelength for telecommunications. It is identified that the conduction band (CB) minimas of

interest for recombination are I' (direct), L and A(indirect), as seen in Figure 3.
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Figure 3.- Ge band structure. [28]
In order for Ge to work as a light emitter, a series of challenges, related to its band
structure, have to be explored. First, the number of the electrons for the direct optical transition
is deficient due to an indirect band structure. The Ge indirect bandgap is calculated to be EgLGe
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= 0.66eV, and the direct bandgap is Enge =0.80eV. Fortunately, Ge can be made into a pseudo-
direct band gap material through introduction of tensile strain, as can be seen in Figure 4. The
band energy difference is minimal and easily band engineered through strain. Second, under
strain, heavy n-type doping equalizes the chemical potential between the electrons in different
bands. Finally, effects to each band due to the heavy doping introduce faster recombination

paths, preferentially to the direct band gap.
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Figure 4.- Comparison of the band structure of unstrained, tensile strained, doped tensile
strained Ge.

This section will be focused on the band-engineering of Ge to allow it to behave as a
pseudo-direct gap material. The reasoning for n-type dopants and the effects that heavy doping

has on the band structure is discussed.

2.1.1 Ge Band Engineering

Band engineering can be performed through the addition of defects, impurities or strain in the
system. Ge has six equivalent valleys, each with its own direction. When applying an
inhomogeneous stress, as the projection of the stress onto k-direction changes, the magnitude of

the perturbation of energy varies. The difference in perturbation affects each band differently.
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The bandgap energy shift due to strain can be calculated using the Pikus-Bir Hamiltonian, as
already presented in other works [29-32]. The calculations involve the use of elastic potentials,
deformation potentials and fundamental constants [33]. The strain state on (001)-oriented
Silicon substrates is biaxial tension for Ge, as will be explained in further sections. The tensile strain
can be defined as,

— — Go—a | —
Exx = Eyy = a v €272 = _2612/6111

where Cq; and Cqs are the elastic stiffness constants, and a and ag are the lattice constants. There

is no stress in the z direction, therefore the stress tensor obtained is,
Tyy = ClZ(SXX + Syy) + C11£ZZ = 0.

The Hamiltonian of each CB minima is,

2k2

Ec(CB) =E; +P
C( ) g+ +2meff

in which k corresponds to the momentum vector on each CB minima. The valence band (VB)
Hamiltonians are,

Eyy(CB) =-P—-0Q
for the heavy holes and,

Q E
En(CB) = =P + 2 === (Bso” + 2E5,Q + 9Q%)"/?

for the light holes, which are k independent; where P = a, (& + €5y + &5,) , Q = %(Exx +

gyy — 2&,,) and Eg, is the energy difference between valence bands and split-off bands
calculated as 0.296 eV for Ge. ay is the hydrostatic deformation potential; and b is a common
deformation potential taken as ~-1.88. Deformation potential a, is different for each band due
to the asymmetry of the stress and orientation of the conduction band valleys. Table 2shows

the values used in our calculations of the biaxial strain in Ge in different bands.
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Table 2.- Values used for Pikur-Bir Band gap Hamiltonian for biaxial strain[32-37]

r L A HH LH
an -8.97 -2.78 -10.4 1.24 1.24
Eq 0.8 0.66 0.85 - -
Mett 0.038 0.22 0321 | 0.284 | 0.043

The Hamiltonian is solved for k=<111> CB L valley and k~<100> CB A valley. Figure
5 shows the results biaxial strain under all bands. The results present a transition where direct
band gap (') transitions will be more favorable due to its lower energy gap. The transition
occurs due difference in the deformation potential, where |ar|<|a.|. Figure 5 also shows that for
A valley the shift occurs due to the symmetry plane on (100) where it is located. The decrease
of energy of both indirect valleys permits faster thermalization, and scattering of phonons and
carriers to the direct band I'. When Egr < Eg, the Ey is ~0.5eV with 1.8 % tensile strain,
meaning the T valley becomes the favorable valley for recombination. The small E4 is
undesirable, and the large strain is difficult to achieve. The bandgap corresponds to a 2480nm
photon transition which is a large red shift from the ideal 1550nm transition from unstrained-
Ge. The 1.8% strain necessary for this shift is large enough to create non-uniformities and
defects in Ge. Pseudo-direct band gap behavior with high radiative recombination at the T
valley at ~1550nm is achieved through other means.

The solution consists of inducing smaller levels of strain, 0.2-0.3%, and heavily doping
to overcome the difference between indirect and direct band gap as will be explained[25, 27,
38, 39]. The change to smaller strain alleviates fabrication restraints and avoids shifting the
direct band emission to longer wavelengths.

The energy decrease on indirect valleys has further implications treated in later

chapters.
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Figure 5.- Biaxial tensile strain calculation for Ge showing changes of bandgap in I" (direct), L
and A (indirect) valleys. At 1.8% strain, Ge becomes a direct band gap material, and at 2.7% it
becomes indirect again. Desired strain resides between 0.2-0.3% with ' valley emission at

1550nm wavelength.

2.1.2 Ge n-type dopants

The n-type dopants donate carriers to the CB, raising Fermi energy, E;, above the T' valley
minima. Furthermore, as the dopant quantity increases the formation of an impurity band
follows which is independent of k-space. According to the nature and quantity of the dopants,
equilibrium of point defects exists in the forbidden band of a semiconductor. This happens due
to a finite overlap of the electron wave functions between neighboring impurity centers. The
individual electron levels broaden to form a real impurity band. The level broadens
symmetrically shrinking the energy gap, which is called band gap narrowing (BGN). Such a

reduction in the energy gaps are seen in Ge experimentally [40-43].

24



The Si Bohr radius is approximately one-third of the Ge radius. This makes Si impurity

states more highly localized. As the ionization energies of the dopants increases, it is less

likely an impurity band can be formed. In the L-valley of Ge, n-type shallow donor dopants

have similar ionization energies, as seen in Table 3. The impurity band effect could be

observed in any of these dopants, increasing the probability of impurity band formation using

dopants with higher solubility, such as Phosphorus (P).

Table 3 .- lonization energies of group V impurities in L-valley Ge (meV) [40]

As

P

| sb |

Bi

Li

14

13

9.6

13

9.3

The Bohr model for hydrogen can be used to estimate the energy required for

ionizations of shallow donors in the L-valley for Ge. The energy for hydrogen is modified by

taken into account the dielectric constant of the Ge. The model is

4
meq

me

E. . . — ~
tonization
8e2e2h?

H
mye?

where Ey is 13.6eV, mq is the free electron mass, q is the elementary charge, €, is the dielectric

constant, and h is the Planck constant. At room temperature, ~300K, the dopants are all ionized

contributing to the carrier concentration. Under heavy doping, impurity band behavior can

change the carriers interaction among the bands.

2.1.3 Ge heavy doping

Properties of Ge under n-type heavy doping has been treated previously by Pankove et al. [44]

and Haas[45]. They report a dependence of Eg on n, carrier concentration, when bands are

under degeneracy. Degeneracy is defined as when n exceeds CB edge density of states. Under

those conditions, band gap narrowing (BGN), or shrinkage, is observed by carriers filling up

25



the near-bandgap states. This is a many body effect involving phonon-electron interactions and
the presence of impurity bands. As seen in Figure 6, the BGN effect shrinks the bands,
lowering the doping requirement for direct gap behavior as the dopant concentration increases.

The Fermi Energy level can be calculated from the equation,

n
£=E; +kTln—

n;
where £ is the Fermi energy, and n can be calculated as the integral of the total electron density
o(E) and Fermi-Dirac probability function f(E). n = ffooo o(E)f(E)dE, which is equal to the
number of dopants Np under a degenerate state, as was described in n-type Ge [46]. As Er

changes with heavy doping, the energy required to have the dopants excited into the different

bands change.

A detailed study of BGN in Ge under 300K conditions is treated in chapter 5.
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Figure 6.- Shrinkage (A) of the Energy gaps of the L band (111) and the T band (000) with

respect to the Fermi Level (§) at 4K as a function of doping [44]

26



The onset of degeneracy with n-type dopants is when ¢ matches CB minima. At that
point any further dopants added to the matrix are fully ionized and contribute to the occupancy
of electrons in the band. It is known that Ge degeneracy occurs with low 10"%cm™ doping
concentrations for the L valley [44]. For the T valley, degeneracy would occur at ~7x10"%cm™
doping concentrations, the point when ¢ equals the energy of E; at 300K, though this
degeneracy points ignore BGN effect on band shrinkage.

As have been seen, BGN affects the band structure, decreasing the energy of ' valley
bandgap. BGN, therefore, changes the doping level required for degeneracy. The degeneracy
calculated with BGN is at ~3.5x10™cm™, as seen in Figure 7. This value is consistent with
experimental observations of this thesis. The lower point of degeneracy represents a point
where the material can act as a pseudo-direct band gap material due to the availability of

carriers at the I'-valley.
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Figure 7.- 0.25% strain n-type Ge simulation showing dependence with doping on Fermi Level
and band gap energies. Band edge intersection appears at lower dopant concentrations after
considering BGN effects.

Pseudo-direct bandgap behavior permits Ge to act as a direct band gap semiconductor

and have the possibility of gain and lasing with emission at ~1550nm wavelength.

2.2 Gain and Light emission on Ge

Ge is as an indirect band gap material known to have poor optical emission efficiency. Through
research developed by previous members of our group[16, 19, 47], it was discovered that Ge
bandgap can be tuned for enhanced photodetection and modulation. The results demonstrated
the possibility of a pseudo-direct band gap as explained before.

Carrier lifetime and recombination determines the nature of emission in any
semiconductor. Lifetimes can be differentiated between radiative and non-radiative. Radiative
lifetime 7,.44i4:ive dOMinates on light emitting devices, such as lasers or LEDs. Non-radiative
lifetime will depend on defects, carrier concentration, temperature, etc decreasing light
emission from devices. Lifetime of the carriers (electrons) will depend heavily on the excess
minority carrier density (holes). The recombination lifetime is defined as n/z, where n is the
carrier density and t is the effective lifetime of the minority carriers accounting for both
radiative and nonradiative lifetime. This simple expression is expanded to,

T =(Tsrn + Tsurface + Bn + Cn?)~
where B stands for the radiative coefficient and C is the Auger recombination coefficient. Bn

stands for T,,4;4rive @Nd Cn? for Thuger- It follows that the radiative lifetime term should

dominate so that the effective lifetime is generates light emission. It will be shown in the
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following sections that as long as the material is defect-low, then heavy doping will lead to
having B>>C and radiative recombination will dominating the expression.
Proof of pseudo-direct behavior can be extracted from photoluminescence (PL)
measurements, in which an external light source at the absorption wavelength excites
spontaneous emission. Ge PL results have been shown by other groups achieving PL[48] and
EL[23, 41]. Kasper shows clear emission from MBE Ge samples. Due to the nature of MBE
deposition, high crystal quality at high doping levels was produced. Kasper’s group confirmed
Sb concentration at 10°%m™ in Ge. Through comparison with intrinsic EL and doped PL
measurements they observed BGN [49]. The results showed agreement with theory and led to
the hypothesis of achievable carrier inversion in Ge, in other words, lasing. The increase in

spontaneous emission follows with an increase in dopant concentration as was demonstrated by

Sun, et al[30], as seen in Figure 8.
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Figure 8.- Comparison of PL with emission wavelength of different doped Ge samples. PL
intensity increases linearly with dopant concentration.

The increase in PL with dopant concentration shows that radiative lifetimes dominate
under high doping, and the possibility of lasing. We will focus in how to obtain such lasing and

the different loss mechanisms that can prevent it from occurring. First, the radiative transitions
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in Ge, the meaning of gain and its implications for Ge will be discussed. Further, the non-
radiative transitions, their function as loss, and the values observed in previous works will be
discussed. Finally, theoretical work shows that Ge can be an effective gain material with gain

bandwidths as large as >400nm determined by the injection of carriers.

2.2.1 Radiative Transitions

The study of the radiative transitions in semiconductors requires understanding band-to-band
effects and mechanisms affecting their absorption of photons. Semiconductors mechanisms of
importance for optical emitters are localized in band-to-band transitions. These band transitions
refer to transitions from the conduction band, either direct or indirect, to the valence band. The
three main mechanisms in band-to-band transitions in semiconductors are stimulated
absorption, stimulated emission and spontaneous emission. Each of these properties and their
importance for the understanding of gain in Ge will be reviewed.

Stimulated absorption produces new carriers by transforming the energy received from
a photon into an electron-hole pair separated by the band gap. Stimulated emission is the main
component for laser inversion. It provides a recombination path for carriers and more
importantly is the source of new photons. Spontaneous emission is the dominant recombination
path for carriers in LEDs. The emission characteristics depend in the material component and
the injection level. The material component can be derived from the density of states. The
injection will determine the fraction of carriers available for transition. Before discussing the
radiative rate R, we will show the emission dependence on absorption coefficient.

The absorption coefficient « is the fraction of photons absorbed per unit distance and

depends on the material properties along the light spectrum. The absorption is written as r
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(photons per unit volume) divided by P, the optical intensity per unit area also known as the

Poynting flux. The elements of r/P/hv become,

a(hw) = Co=Yiep Dialé * Poal?8 (Ec — B, — ho) (f, — o),

me?

where C, = ~. P is the momentum variable corresponding to the reduced density of

nycegmz
states, f,-f; is the Fermi factor dependent upon injection, c is the speed of light, n, the effective
index of refraction. The use of the momentum variable comes from Fermi’s Golden rule, which
describes the interaction between photons and electrons in semiconductors. When a ~ 0, we
defined it as onset of transparency, or gain threshold gw. As « is reaches equilibrium and ~0, it
is referred to as bleaching.

Absorption is equal to all other mechanisms under equilibrium. The rate of absorption is

stim, .spon

described in terms of the spontaneous and stimulated emission as r*®=r""+r" and we know

that they are described as

nZw?

2 hc?

rSPOr(hy) = (=) a(hv) and rStM(hv) = (1 — elho-(F=FOI/KTypspon (py)
where F, and F; are the quasi-Fermi levels under injection. Under equilibrium at the onset of
transparency, the rates translate into,

g =a;,+a,+a
where «; are the intrinsic losses in the material; a,,, are the mirror losses from the cavity; a, are
other losses usually attributed to non-radiative recombination; I' is the material photon
confinement; and g is optical gain. Under heavy injection, rS&m>>1SPom since a < 0 as the
injection increases; translating to larger g.

Non-radiative recombinations persist in any band-to-band transition. In order to

understand the losses occurring due to defects, we need to determine the radiative rate R due to
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spontaneous emission and non-radiative recombination processes. R can be expanded in terms

of the total amount of dopant in the system as follows,
R(n) = An+ Bn? + Cn3 = %

where 7 is the lifetime of the carriers, A is due to non-radiative recombination, B is due to
spontaneous radiative recombination, and C accounts for non-radiative Auger recombination.
In lasers and LEDs, R takes an important role in the total carrier concentration in the active

region. This rate of carriers can be described as,

dn(t) J(t
L2 =00 - Rm) — v gMS(O),

where J is the carrier density, d is the thickness of the active gain material, g is the unit charge,
n; is the collection efficiency, g is the gain and S is the laser cavity photon density. It should be
clear that under the case of LEDs, g is negative since inversion of carriers has not been
achieved. This formulation is quite useful to describe electrical and optical properties of light
emitters. It should be noted that a large R increases the J under equilibrium, which is not
desired for efficient light emitters. Since non-radiative recombinations can be detrimental for

emission and gain, they will be treated in depth.

2.2.2 Non-radiative Transitions

Non-radiative recombination mechanisms, or transitions, can be classified as either extrinsic or
intrinsic. Extrinsic recombination is a stepwise decay through an intermediate energy level
within the bandgap. These recombinations are usually due to surface recombination and defect

recombination, or Schokley-Read-Hall recombination (SRH). Intrinsic recombination
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mechanisms are always present, even in an ideal undisturbed crystal without impurities or
defects.

These mechanisms are important for both intravalley and intervalley scattering
mechanisms. Intervalley scattering are interactions between different bands while intravalley
scattering are multi-body effects inside the same band. They describe carriers —electrons, holes,
photons and phonons- absorbed and re-emitted in other unoccupied states. They can be
classified as phonon-electron, thermalization; electron-electron, Auger recombination; and
electron-photon, free carrier absorption. The latter two will be treated with further detail.

Depicted in Figure 9, the main mechanisms are shown.
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Figure 9.- Typical non-radiative recombination mechanisms
All these mechanisms can heavily influence the performance of the injection and carrier

recombination, and inversion for lasers.

2.2.2.1.SRH

The defect or impurity recombination rate, also known as SRH, deals with all four possible
transition rates into and out of traps. Traps are classified as: electron emission, electron capture,
hole capture, and hole emission. It should be obvious that the theory has a nontrivial
dependence on both electron and hole densities. Unfortunately, SRH is described through

Boltzmann statistics, hence it is only valid under non-degenerate carrier densities. Ideally SRH
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recombination could be avoided by producing a perfect crystal. In practice, this is not the case.
Imperfections in the crystal lattice and the unavoidable introduction of impurities during crystal
growth and wafer processing lead to the presence of defect levels that drive SRH
recombination. The recombination can occur either in the bulk of the crystal through lattice
defects and impurities or through surface recombination caused by dangling bonds at the wafer
surface and material interfaces. Under heavy doping, shallow traps will not contribute to SRH
recombination. Trap levels close to either band edge will be reduced as the doping
concentration increases, therefore deep level traps are the only ones which affect
recombination.

For lasers, the high injection regime is of primary interest and the rate simplifies to

N
Th+Te'

Rspy =
where N is the injection level (N>>n;), and 7, are the minority lifetimes which are inversely
proportional to the trap density. In the high-level case, the SRH lifetime is dependent only on
the capture time constants and is therefore exclusively set by the trap density and capture cross-
sections; it is independent of the trap energy level.

In bulk materials, the minority carrier lifetime dependence on threading dislocation

density is summed up as,

r_1 3
= + m°prD, /4,

Tp
where 7, is the bulk lifetime in the absence of dislocation effects, pr is the threading
dislocation density, and the D, is the minority-carrier diffusion coefficient. Figure 10 shows the
dependence that dislocation density to minority lifetime in n+Ge. Under heavy doping, the
material quality is governed by a limit contained in the bulk radiative lifetime. The trend was
reported for I11-V materials[50] and matches closely to theory. However, experimental work
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under heavy doping shows minority carrier lifetime as high as 10s. This discrepancy would
suggest a larger bulk lifetime and lower hole mobility. Furthermore, the difference between

experimental values and theory suggest that theoretical values have to be reexamined for Ge.
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Figure 10.- Threading dislocation density simulation showing dependence of doping to

minority carrier lifetime in Ge. Calculation based on theoretical work.

Hole mobility is bounded by the heavy doping and will affect the lifetime of the carrier.

Below 10%cm? threading dislocation densities, lifetimes are of the order of Auger

recombination. At higher dislocation densities the effect strengthens SRH effects and

significantly augments absorption loss of Ge.
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The temperature effect on the minority carrier lifetimes needs also consideration. Under
n+type semiconductors, the lifetime expression is reduced to,

Ne(T)
Ny ]’

Tspr = Tno(T)[1 + k
where N is the point defect concentration, and t,,, reflects the temperature dependences to the
capture cross section and the thermal velocity. N; increases exponentially with temperature due
to increased solubility and its readily understood as a deep level trap. However, under heavy
doping other nonlinear effects appear that overwhelm the SRH lifetime [51].

The equation that shows the correlation of doping with SRH is,

ndop

TSRH total = TSRH (1 + ) ~TsrHNdop

Nepr

where ng, is the threshold doping calculated from generation traps and is ~4x10'°cm[52].
However, as seen in Figure 11, under heavy doping Auger recombination will dominate. Large
point defect densities affect minority carrier lifetimes with an inversely proportional
relationship, but under heavy doping, Auger recombination is faster and decreases the effect of
SRH recombination. The doping concentration of interest for Ge gain and lasing is above

>1x10"cm™, making Auger recombination the main loss mechanism.

36



107k

10® 10" 10" 10" 10" 10" 10"

N, (cm %)

Figure 11.- Variation of carrier recombination lifetime as a function of dopant concentration in
Ge .7,-Ge is the calculated Auger recombination using C=10"'cm®s. The excitation level is
defined as L=nex/Ngop. [52]

Moreover, under n-type degenerate doping, Ge shows nonlinear Auger recombination
and the impact of the Auger process in the heavily doped material is not as strong as in Si or

other semiconductors. An explanation of such effect is treated onward.

2.2.2.2. Auger Recombination

Auger recombination is the main source of non radiative transitions in semiconductors due to

the cubic nature of the recombination, Cn®, discussed previously. Auger recombination is an

interaction of two excited carriers which energies interact to excite one to a higher energy level.
Auger processes can be divided in three main processes: direct band Auger, phonon

assisted Auger, and impurity assisted Auger. The latter two can contribute at low temperatures

and are insignificant as temperature increases since it involves a three-particle process, e-e-

phonon.
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The direct band Auger processes are classified into CCCH, CCHS and CHHS, where C
stands for CB, H for the valence band (VB) and S for the Split-off band. They represent carrier

interaction locations, those being CC, CH and HH, and where they will terminate, being CH

and CS. The CCCH Auger recombination schematic is seen in Figure 12,

Figure 12.- Schematic of CCCH direct and indirect Auger recombination

Ge direct band Auger recombination has been usually overlooked due to the low level
of carriers in the T valley. As injection can be as high as 1x10%%m™ carriers in lasers, the
Auger direction recombination is low due to high threshold energy and low carrier density in T.
The minimum energy, or threshold energy, for Auger recombination is calculated from energy
and momentum conservation of CCCH heavy holes at I'-valley,

2mp + my
TS

E

o+ = 0.8720eV (CCCH)

mr + myg
where m; corresponds to the effective mass of H, heavy holes, and I, electrons in T" valley; and
in similar manner, the different interactions are calculated, as shown in Table 4. All the direct
gap Auger recombinations require higher energy than the CCCH indirect gap transition.
Indirect band gap phonon-assisted Auger recombination studied for p-type Ge obtained
that for 300K the Auger coefficient is 2.22x10*'cm®s™ [53], which results in 7~10"%. This

value is mostly independent of temperature agreeing with experimental results, though it was
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proven only for p-type materials. We predict that the result can be generalized for n-type Ge.
CCCH indirect can be solved under the same conditions as direct to obtain,

(2m; +my)
Er =my (Zme + myy — mp) E4, = 0.0299 (CCCH;pgirect)

where, mc¢ stands for the effective mass of L valley. The smaller energy required also translates
into an increase probability of Auger transition that increases o« N2 This differs from
established theory which states that increased Auger recombination will decrease the radiative
emission instead of contributing to higher concentration of carriers in I'. Details of the Auger
threshold energy calculation can be found in the Appendix.

Table 4.-Threshold energy for different Auger recombination mechanisms

Heavy Hole interaction (eV) | Light Hole interaction (eV)

CCCH direct 0.87 1.12
CCCHL

indirect 0.20 0.030
CCCHA

indirect 0.24 0.036

CHHS 0.56 1.44

CHHL 0.84 0.82

In most cases, n-type Ge minority lifetime is constant, as seen in Figure 13. It suggests
that under heavy doping and low defect concentration, temperature will not decrease the
performance of Ge, as observed from PL analysis[30]. Increase in minority carrier lifetime
suggests that radiative lifetime is dominating, which can be caused by the indirect CCCH
Auger recombination. As doping increases and temperature, probability of other Auger
recombinations will increase. Considering that surface is correctly passivated, surface
recombination can be ignored. The almost constant Auger recombination reduces the

importance of Auger interactions at room temperature or above in Ge. In comparison, for I11-V
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materials, in which both temperature and carriers increase non-radiative recombination, the

radiative recombination decreases with increasing temperature [54].
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Figure 13.- Temperature dependence of minority carriers lifetime in Ge. [51]

In unstrained Ge, the decrease in minority lifetime is reduced under heavy doping, as
seen in Figure 14. This refutes the Auger recombination theory in which nonradiative
recombination increases linearly for both n-type and p-type dopants. The predicted Auger
coefficient for heavy doping is 10%%cm®™, which increases the possibility of radiative
recombination, and being one order of magnitude smaller than previously thought. The
experimental result matches expected valued for n-type Ge under degenerate doping.

We mathematically demonstrated an Auger mechanism that increases carrier
concentration on direct band transition, increasing radiative recombination —instead of
decreasing it as with other semiconductors. We have shown that previously known Auger

coefficients overestimate non-radiative coefficients. Furthermore, we have shown that under
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high temperatures, Auger recombination can be considered constant or decrease. Chapter 5

covers the treatment of radiative recombination under diverse temperatures and doping, proving

that non-radiative recombinations should not decrease light emission in Ge.
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Figure 14.-Radiative lifetime of n-type (P) and p-type (B) dopants in Ge [51]

2.2.2.3. Free Carrier Absorption

Free carrier absorption is the action when the semiconductor, Ge, absorbs a photon and excites

an electron into an unfilled state. As it is noticed, free carrier absorption is similar to Auger

recombination, in the sense that there is an excited electron in the conduction band, instead of

band-to-band absorption, and that it requires a photon. FCA, more than any other loss, affects

the performance during lasing since it represents electron-photon interactions. The emission

and absorption of photons reduce the efficient inversion and gain in the material. FCA usually
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follows Drude’s model of electrical conduction because the carriers excited into higher
unbound states are considered free. It shows to follow Drude’s model under low doping,

B q?A%n,

afca -

Am2c3egn, m,1,

where q is the electron charge, A is the photon waveguide, n. is doping concentration, &, is the
permittivity of free space, n, the refractive index of the material, m. is the effective mass of
carriers, and 7. is the effective scattering time. The scattering time is usually estimated to
carrier mobility, as T = mu/c. FCA depends greatly on the doping concentration. It has been
shown that under low doping Ge FCA follows Drude’s model [27], which has a quadratic
relation with doping.

The free carriers scatter throughout the lattice, therefore, the interactions with phonons
and impurities, apart from photons, have to be considered. It has been shown [26, 55, 56], that
under heavy doping, FCA stops following Drude’s model. It is important to notice that in cases
of heavy injection, the model does not hold since the e-e and h-h interactions become stronger
than the carrier-phonon, carrier-impurities, and carrier-photon interactions, attaining
temperatures higher than the lattice.

The assumptions for free carriers, and single interactions between phonon and
impurities, are appropriate only under low doping concentrations. As the dopant concentration
increases, and degeneracy is reached, the interactions between phonons and electrons become
stronger. It was shown under different semiconductors that Drude’s model fails to explain these
interactions on degenerate semiconductors [55]. The failure of Drude’s theory on heavily doped
Ge was proven by Wang, et al.[57], as seen in Figure 15. It showed that intervalley scattering
absorption reduces the effects of free-carrier absorption. Furthermore, it shows that under the
range of Ge light emission, intervalley scattering from L —I" dominates. Calculating the free
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carrier absorption from basic principles it is seen that it reduces an order of magnitude to values
~30-50cm™. The basic principles assume interaction of impurities, optical and acoustical
phonons in 8 different interactions and one intervalley interaction [55]. The intervalley
interaction is a mechanism providing carriers in I" valley, which recombine readily, effectively

reducing apcy.
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Figure 15.- Infrared absorption spectrum of Ge thin film with n= 1x10™ cm™ derived from
transmittance data. Regimes I-1V are respectively dominated by intra-L-valley FCA, L —» T’
intervalley scattering absorption, indirect gap+intervalley scattering absorption, and direct gap

absorption.[57]

As seen, Germanium is a complex system with many possible paths of recombination.
This analysis showed that all major sources of losses will not be detrimental to Ge under
doping n>1x10"cm™ and a temperature range of 300-400K, regimes explored for operation of

Ge lasers.
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2.2.3 Gain in Ge

Gain in semiconductors is described by the total losses in a system. The rate of absorption
along with other loss mechanisms such as FCA, internal losses, and propagation losses
describes gain. It will be discussed how these losses are used to calculate gain in doped and -
strained Ge.

The case where loss mechanisms are reduced is called bleaching, since « is reducing to
0. As bleaching increases, the material eventually overcomes the losses, obtaining net positive
gain. There is gain in the material when g > 0, hence the material gain larger than all the
losses.

In Ge, it has been shown that the increase of dopants and tensile strain provides a
situation for the material to act as a pseudo-direct band gap material. Ge bleaching and net gain
have been experimentally measured by Sun, et al [25, 58], as seen in Figure 16. The gain
measured was 50cm™ for 1x10%cm™ doped-strained Ge. A model of the behavior under
injections above 1x10™cm™ carriers, and wavelength emission ~1350-1800nm was constructed

at doping concentrations above 1x10cm™[56].
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Figure 16.- Absorption spectra of a n + Ge mesa sample under 0 and 100 mW optical pumping.
Negative absorption coefficients corresponding to optical gain are observed in the wavelength

range [58].

The net gain of Ge can be calculated from the rate of stimulated emission minus all the
losses at heavy doping. Figure 17 shows the results of our calculations for different carrier
injections and doping concentrations. For positive gain, injections of the order of ~5x10*°cm
are necessary. This observation matches the experimental work, as will be seen in Chapter 7.
The model assumes BGN, impurity band and phonon-electron interactions, all of which aid the
transitions under heavy injection levels. It is shown that gain in Ge is stronger than previously
thought. Moreover, the dependence of doping on gain becomes evident. Higher gain can be

achieved at the same injection level as long as the dopant concentration increases.
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Figure 17.- Doping and carrier injection dependence to intrinsic material gain (colorbar) in Ge
emitting at 1550nm wavelength.

At mid-10"cm™ doping concentration, Ge shows relatively low injection requirements,
as shown in Figure 18. The increase in dopant concentration decreases the injection
requirement, as stated before, and increases the bandwidth of emission. We showed that the
bandwidth of emission can be as wide as 400nm at injection levels of 2x10%%cm™. Large carrier

injection levels, such as this, cause aberrations and non-uniformities, including secondary

perturbations that will not be treated in this thesis.
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Figure 18.- Gain comparison simulation on tensile strained-Ge n-type doped ~4.2x10"°cm™ at
different injection levels and wavelength emissions. Expected bandwidth of >400nm.

A loss that is not considered in this model is the mirror loss from the cavity. Developing
a laser from the gain medium requires some sort of optical feedback. Feedback with the gain
material permits the amplification of the light. The optical feedback is provided by a reflective
cavity. Section 2.3 will show how the appropriate design of such cavities permits lower loss

lasers.

2.3 Resonant Cavities

A diode semiconductor laser is formed of an active material, which in our case will consist of
an n+Ge cavity, and an optical resonator, or cavity. The active layer will generate the
spontaneous emission and amplify a fraction of the spontaneous emission by stimulated
emission[59, 60]. Optical Resonators or resonant cavities are structures designed to confine the

light, through resonance frequencies determined by their configuration. Mode diode lasers use a
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variety of cavity structures. The simplest of all is 1-D cavity known as Fabry-Perot (FP) etalon.
More complex resonators use 2-D dimensions such as microdisks and microtoroids. In these
cases the light circulates by reflecting at near-grazing incidence in a mechanism known as
whispering gallery modes, WGM. FP and microdisks were the choice for our experiments, and
they will be discussed carefully later on this section. A standard characterization of all cavities
needs to be formulated based on their efficiency as cavities and containing the optical modes.
There are also two main structures for guiding of light in the active layer, gain- and index-
guiding structures[61]. Due to high level of refraction index in Ge compared to other
semiconductors, Ge lasers would be an index guided structure. From the possible combinations,
the simplest would be the index-guided Fabry-Perot cavity, making it an ideal structure for a
first demonstration of a Ge laser.

The two key parameters characterizing optical resonators are modal volume, and quality
factor, Q. The modal volume is the volume occupied by the confined optical mode. To define
it, the resonating modes will be described as standing waves that can only occur satisfying
Helmholtz equation with describes the allowed resonating modes under boundary conditions. It
has the form of

ViU(r) + k?U(r) = 0,
where k = ? is the wavenumber, U(r) is the monochromatic wave function, and n is the index

of refraction of the medium. In a lossless resonator, at the boundaries U=0. Such that the
solution to Helmholtz equation needs to satisfy,

kd = qm,
where d is the distance between boundaries, and q is an interger. The solution simplifies to

Aq = 2nd,
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which describes the round-trip distance between resonances [62]. This condition is used in all
resonators, regardless of geometry. The other factor of description is the losses. This can be
described by the finesse of the resonator (F). It appears since during travels in a resonator,
waves experience phasor losses in the boundaries and throughout the medium. It is usually

described as by spectral width §v of the resonances,

ni
6v=vg/F.OrF =

The quality factor, Q, on the other hand, is directly proportional to finesse. Where

21y,

ca,
The spectral width v is equivalent to the full width half-maximum (FHWM), as seen above, it

correlates directly with the losses in the mirror of the cavities, in the form

nAla,

AL = :
21

where a,. are the mirror losses. Such topic will be discussed in later chapters while analyzing
the laser cavities. It can be observed that quality of a cavity will be directly proportional of the
finesse in a system, as intuitively thought.

With the basic understanding of cavities formulated, a brief description on the design

and simulation of the cavities is given as follows.

2.3.1. Fabry-Perot cavities

The Fabry-Perot cavity consists of an active material of a specific length “I’, and reflectivities
of the front and back facets. The propagation is described by the gain ‘g’ and the total loss due

to absorption and scattering in the medium “‘a’. The amplitude condition for laser oscillation at
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the threshold gain is given by g;, = a + %ln(ﬁ). Since there is spontaneous emission of light
172

within the active region in the laser, the actual gain is slightly less than g;,.

This planar microcavity has a limited length, and hence, a finite quantity of modes
propagating. The modes, nevertheless, will be equally spaced in frequency, apart from shifts
caused by the variation with wavelength in the phase change on reflection on each of the
mirrors [63].

Under operations close to laser threshold, the gain g is linearized to the carrier density
as, g =9 +§—i(n—nth). Once the gain balances with the loss, the material goes into

transparency[61]. For laser oscillations, the gain must exceed the value of transparency,
however due to scattering in the facets, the gain value has to be larger. Figure 19 shows the
basic design of the Fabry-Perot laser. Notice that the system is simply cleaved, easing the

testing of the device.

Cleaved facet Acty/e Layer

-

o

Mirror, rq Mirror, r2

Laser beam

Figure 19.- Fabry-Perot Laser basic design. Active layer is Ge in all our designs.

Fabry-Perot cavities are the simplest cavities used in the design of lasers. FP cavities are
a 1-D cavity with two mirrors, providing a round-trip path for the photons generated in the
active material. Due to their simplicity they have been studied extensively and are a standard in

industry[64]. The reason to use them in our investigation is due to the simplicity in their
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production since they require a straight medium, which can be provided by a waveguide, ergo,
the Ge waveguide.

Their characterization is simple as well, as depicted in Figure 20. Semiconductor
optical amplifier and LEDs have a different shape for LI curves and luminescence. This easy
and fast distinction makes them a perfect candidate for the Ge laser. However, since they
depend heavily on the quality of the mirrors, Q-factor of these devices tends to be low, and
production of single mode cavities is troublesome. Due to such impediments, other cavities

where explored, such as microdisks.

Typical Fabry-Perot Laser Diode

Reflective
/ Coating \
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Figure 20.- Typical shape of FP laser diode and semiconductor optical amplifier device
cavities. [64]

Higher efficiencies and single mode lasers can be achieved through DFB or DBR
cavities. These designs involve diffraction gratings, feeding back the light by spatially
modulating the complex refractive indexes of the optical waveguides. Even though their design
will provide higher efficiencies, for a first demonstration it would involve too many unknown

variables in terms of the fabrication quality.
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2.3.2. Microdisks

Whispering gallery modes (WGM) consist of 2-D microresonators with circular shapes. The
most usual shapes are microdisks, micropillars and toroids, all of which have been considered
for semiconductor lasers [65-68]. All of these shapes can perform as efficient WGM
resonators. The difference between FP and WGM are the number of reflections. In FP
resonators with have two mirrors, sending the light back and forth in resonance. In WGM
resonators, the light is reflected through to total internal reflection, as can be seen in Figure 21.
The light will be confined in the active material, in this case the resonator, as long as the light is
incident on the surface larger than the total internal reflection angle. Once the reflection
overlaps into the starting wave, the material is said to be on resonance, acting as a WGM. The
condition for resonance is similar to FP, in which the light has to travel the entire path, and
reach resonance. In the case of circular resonators, hence, the wavelength has to travel a length
nd, where d is the diameter of the resonator. This simplifies the resonance into,
nd = mA
Where m is the number of modes, and A is wavelength of interest. The calculation will depend

as well on the materials index of refraction.

< ImirrorsC___>

' _Gain Material =— Gain Material
n+Ge —= n+Ge
(a) Fabry-Perot (b)WGM

Figure 21.- Schematic comparing FP with WGM and the difference in between reflections.
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WGM are typically used for lasers due a large Q. Our analysis showed that the
resonances would been stronger than in FP, and selecting single modes through spaced
waveguides would be simpler, as seen in Figure 22. However, the extraction efficiencies are
low, despite changes on the design. Low extraction efficiencies make the characterization
difficult and prevent to establish the source of lossy mechanisms. Furthermore, simulations
show that the extraction efficiency is less than 0.01%, and with facets reduces to 0.003%.
WGM have been successfully used in quantum well 111-V lasers [65-68], and in other similar

structures. Their use suggests the possibility to use them for Ge WGM lasers.

(b) Cross section view
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Figure 22.- Ge disk simulation showing that coupling of the internal mode is lossy and
extremely low, despite different designs. (a) and (b) show a completely enclosed Ge microdisk,
while (c) shows a microdisk with a waveguide for coupling. They show that microdisks

coupling is smaller than 0.01% making them unsuitable for lasers.
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Usual quality for WGM is Q~10*, being 3 orders of magnitude larger than FP cavities.
Their performance is limited by the surface quality of the material. Ge disks have an atomically
smooth surface making them great candidates for WGM.

The structure of WGM resonators complicates injection of carriers. As was observed, Q
and resonances are strong; however, they reside on the sides of the material. The injection
occurs in the sides or center. With Ge, if the material is not under full inversion — all the active
region is excited — then absorption will occur from unexcited regions. The absorption in bulk
Ge in the wavelength of emission 1550nm is ~2500cm™[69], as seen in .Ge higher absorption
makes WGM a less attractive material than FP in which carriers can easily be injected
uniformly.
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Figure 23.- Bulk Ge absorption along different wavelengths energies.

In the following chapters, the focus will be on FP resonators.
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FP cavities will be understood as waveguides from this point on, due to the fabrication
process. The following chapter will cover the fabrication, as in detail the growth techniques

explored in CVD Ge.

Through this chapter we covered all the theory developed through our investigations,
and used for analysis of the final devices. It is evident that the tensile strained Ge under
degenerate doping requires further study under high injection and high temperatures where the
regime has not been fully understood. A brief description of the dopant effect on the band is
shown. The way defects affect heavily doped Ge and its performance require further analysis
since free carrier absorption can be changed drastically with increasing loss mechanisms. The
appropriate laser design will improve the efficiencies of future laser designs. The following
chapters will cover the results from growth, doping, aberrations due to the high doping, and the

diodes behavior. It will be demonstrated a functional laser Ge diode.
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Chapter 3. Ge growth

In this chapter, we present the general fabrication of strained Germanium films. Ge growth on Si
by chemical vapor deposition (CVD) is shown. The use of CVD provides the ability to generate
the lowest defect concentration material with the highest dopant concentration achieved to date.
We demonstrate the standard process used for the growth of all pnn diode devices and optically
injected emitters. Then, we show that change in dimensions for Ge waveguides does not affect
the tensile stress significantly. Additions to these processes to increase the dopant concentration
will be treated in a later chapter. Finally, we present an alternative growth process for bufferless

single crystal Ge as an alternative to the known method.

3.1. Growth of n+ Ge films

Germanium is a difficult material to grow on top of Si. In order to achieve the level of strain
and dopant discussed, many approaches were considered [17, 32]. Of these many approaches
CVD was considered to be the best to provide in situ doping and direct grown over Si. Since
the critical thickness of Ge is far greater than the needed for the devices, at the high
temperatures above 600°C, Ge films are completely relaxed. The strain is generated from the
thermal expansion difference between Ge and Si. Once the system is cooled down to room
temperature, it induces a ~0.2-0.3 % tensile strain. Through the appropriate control of gases the
dopant concentration was also controlled. To understand this process, CVD processes are
analyzed.

CVD processes possess a high level of complexity. They have different temperatures,
concentration gradients, geometric effects and gas flow patterns in the reaction zone. Due to

these many differences, it is difficult to translate the results of one chamber to a different one.
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Through kinetic analysis, the react limiting factor can be determined. The two main factors
controlling the rate are mass transport and surface kinetics. Mass transport control is the
dominant factor if the transport of the reactants or reaction products across a boundary,d,
determines the deposition rate. If the mass transport is large across the boundary, then the
system is controlled by surface kinetics.

Figure 24 shows a schematic of the different mechanisms considered to determine the
limiting reaction limit.

1. Transport of the reactant gases into the reaction chamber. In our case, GeH, and PHs.
2. Intermediate reactants from reactant gases. GeH, PH,, PH and Pa.

3. Diffusion of reactant gases through the gaseous boundary layer to the substrate

4. Absorption of gases onto the substrate surface. GeH and PH.

5. Single or multiple-step reactions at the substrate surface.

6. Desorption of product gases from the substrate surface.

7. Forced exit of product gases from the system.

Analysis of these reactions have been kinetics that have been studied by Sun [27] and
they were established to be surface reaction limited. For growth of crystalline Ge in CMOS
chambers, laminar flow has to be avoided. Laminar flow prevents uniform growth through
large badges of wafers, making an inappropriate technique for industry and, hence, our

experimental studies.
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Figure 24.- Schematics depicting mechanisms during a CVD process and an schematic of the
growth model limited by either mass transport (Jgs) or surface kinetics (Js) [70] .

Molecular flow determines the pressure limit in the chamber. It can be described as,

C= % (ﬂ)% (42/BL)

m
where L is the length of the tube, B, M molecular weight, T temperature, m is the mass of
molecule, A = mR? is the area of the tube and B = 2nR is the perimeter of the tube. Usual
molecular flow us under 1mtorr. Since we are growing in this regime, viscous flow might
occur. But the kinetics of thin films are fundamentally limited by temperature, as can be seen
in diffusion equations. Since the boundary layer is 6~ in molecular flow, that the reactant
diffusion through the boundary layer is larger than the surface kinetics. The expression for such

diffusion is simplified into,

D Cap—C
Ja= _ﬁ(st)>>]s = kCy
where Ja is the diffusion flux of specie A, Dag is the diffusivity of reactants, Cap is the bulk
stream concentration, Cs is the surface concentration of species, and ks is the rate constant for

the slowest surface reaction.
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The reaction under steady state conditions should be equal to the corresponding mass
flux making Js=Jgs, Where Jgs is the mass flux simplified from Fick’s law to hy(Cy4-Cs). On one
hand, hg, the gas mass transfer coefficient, is insensitive to temperature but sensitive to
pressure, increasing with increasing pressure. On the other hand, ks follows the Arrehnius
equation, as was the case for phosphorus doping on Ge. Due to the high partial pressures, at
equivalent temperatures the surface kinetics will control, as can be seen in Figure 25. This is
not the case with our system growth where the growth rate is controlled completely by mass

transport, as was described by previous works [27, 47], and the partial pressure is kept constant.
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Figure 25.-Schematic diagram showing the effect of kinetics, temperature and pressure on
growth rate.

Under these steady state conditions the growth rate of the films can be defined as
V=J/Nge [71], where Ng. is the number of Ge atoms incorporated into a unit volume for the
film. Under these conditions, the mass-transport controlled flow is,

C
V=5
NGe

hg

The Cg is directly proportional to the total pressure in the system from ideal Gas law. This

condition will be shown again in further sections.
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The surface reaction limitation on Ge permits the material to go under batch process
which is on line with industry production. Furthermore, the growth process permits full control
of Ge atoms and P atoms deposition, controlling the doping; and growth on Si, permitting
tensile straining the material.

High quality epitaxial Ge, and a small density of dislocations is desired; however, the
primary difficulty in Ge-on-Si epitaxy is 4% lattice mismatch between Si and Ge. This lattice
mismatch must be accommodated either through strain or dislocations. The critical thickness for
relaxation through introduction of dislocations depends on the lattice mismatch of the alloy but is
only a few atomic layers for pure Ge-on-Si[72].

Kasper, et al. [73] used CVD to achieve the first successful growth of a SiGe
heterostructure on Si in 1975. Masini, et al. have reviewed the development of this field [74].
The developments of ultra-high vacuum chemical vapor deposition (UHCVD) and molecular
beam epitaxy (MBE) achieved low defect density Ge growth [75-77]. The first pseudomorphic
growth of SiGe on Si by MBE was achieved by Bean et al. in 1984[78]. In 1986 Meyerson
achieved the first low temperature UHCVD heteroepitaxy of SiGe on Si [79]. Both of
discoveries were the beginning of the technology we use today. In one attempt, pure Ge
epilayers were obtained by deposition of amorphous Ge on Si, followed by annealing for
crystallization [80]. Heteroepitaxy of pure Ge on Si by CVD was finally achieved by Keuch, et
al [81], however, the dislocation density was still too high to make the material usable for optical
devices. The lattice mismatch of Ge with Si or SiGe interfaces generates a fairly high dislocation
density, ~ 10™ — 10*%cm?[82].

One successful approach for reducing the dislocation density is through the use of

buffer layers, as seen in the schematic in Figure 26. It consists of the growth of a dislocated
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and highly defective film with a similar lattice constant to high quality material grown on top.
Poor quality Ge is grown at low temperatures to act as the buffer. Since Ge is grown on top of
Ge buffer, lattice mismatch is not an issue; additionally, the defects are buried in the buffer.
This approach is treated carefully in Sun’s thesis[27]. Calculations predict a reduction of the
threading dislocation density with increasing buffer layer thickness [83-85], making it suitable
for optical devices. Moreover, local epitaxy through selective growth yields theoretically lower
threading defect density because of the possibility of elastic relaxation and defect necking.

Ge is grown directly on Si substrates by UHCVD. This work builds on the work by Luan
[47, 77, 86] who used a two-step UHCVD growth process with post-growth cyclic annealing to
produce high quality Ge epitaxial films with ~10® cm™ dislocation densities. All Ge buffers in
our research were grown at 360°Cwith thicknesses ranging from 15-100nm, followed by a 650°C
2hr Ge growth, yielding ~500nm epitaxial film. This process allows a tensile stress 0f~0.26%, as

seen in Figure 26.
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Figure 26.- Schematic and plot of two-step Ge epitaxial growth strain with growth
temperature

As the Ge is deposited on Si under temperatures >650°C, the films are grown fully
relaxed. The full relaxation was demonstrated by Jifeng Liu [16]. Once relaxation occurs, new
dislocations are introduced in the interface. These dislocations extend to the edges and surface of
the material. This gives them the possibility to propagate and generate threading dislocations,
which are a major device performance barrier. Carrier lifetimes are reduced severely by an
increase in threading dislocations. Through thermal cycling at 800-850°C the dislocation density
can be reduced to ~10°-10” cm™, as has been demonstrated [16].

As the Ge films are cooled down, the differences in linear expansion coefficient

between Si and Ge leads to an effective tensile strain in Ge, as shown in Figure 27. The tensile
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strain obtained is ~0.26% theoretically, and 0.25% experimentally making the Ge films a viable
solution for Ge light emitting devices. With higher annealing temperatures the material will

increase the tensile stress up-to 0.31% max.

650-8000C RT
Fully relaxed Tensile strain
0, =2.8x10°
Ge - P25 q
Si Si
o, =2.6x10°

Figure 27.- Schematic showing that under growth Ge film are relaxed. Due to differences in
linear coefficient of thermal expansion between Si and Ge, Ge films are tensile strained.
The total strain in the material is dependent on the temperature difference, accounting

for a drop of 0.04% for every 100°C difference. The strain calculation is

€= f(aGe — ag;)dT

where «; is the linear expansion coefficient for Si and Ge, and ¢ is the total biaxial strain
generated. This calculation applies in Si/Ge interfaces as long as the height of the material is
larger than 300nm, from calculations of energy for plastic deformation[16]. The buffer acts as
well as a center for plastic deformation release through misfit dislocations.

Figure 28 shows an SEM image of an epitaxial Ge layer grown on Si with a 20nm thick
buffer layer. While this epitaxial film shows the onset of pit formation, buffers thicker than
20nm resulted in specular Ge surfaces without visible defects. The average distance in between
pits, attributed to threading dislocations, is around 1pm resulting in a pit density of ~10%cm™.

The threading dislocation is typical for Ge thickness of 500nm [87]. The thin buffer cannot
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accommodate for the lattice mismatch completely and due to the remaining mismatch pit
formation occurs. We found that for buffers with a minimum thickness of 25nm,
corresponding to ~100 Ge monolayers, high quality Ge film with specular surfaces can be

grown.

Figure 28.- Blanket epitaxial Ge film, grown on Si with 20nm Ge buffer. Buffer thickness
<20nm causes pinholes formation in blanket films, attributed to threading dislocations.

With blanket Ge-on-Si growth being feasible, selective epitaxial growth was explored.
This process provided a path to eliminate dislocations through annihilation at the interfaces.
Luan showed that cyclic annealing is more effective in reducing dislocation density as mesa size
shrinks, with the dislocation density dropping very rapidly for mesas smaller than 50 pm in
diameter[47]. The samples remain stressed with ~0.2-0.3% tensile strain. Liu[16] showed that
the tensile stress does not alter after annealing above 700°C.

The growth sequence provides chemically selective growth on Si and permits the use of
SiO; as a window for Ge to grow within. The sidewalls of the oxide determine the dimensions of
the Ge facet grown [88] . The facets dimensions were understood to be independent of

temperature and pressure. Reactive ion etching (RIE) was the main mechanism affecting the
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oxide well configuration. Different sets of RIE recipes were examined, which can be seen in the
Appendix. Since RIE can depend heavily on the tool used, no generalizations were made.

The process growth yielded mesas in pattern oxide windows on the wafer, which served
to outline the edges of the Ge mesas. The first layer is a SiO, thermally grown, which is a
posteriori patterned into the shape of the device wanted. RIE etching and a slight BOE wet
etching follow to open the structure to the Si substrate. The number of masks levels required
prior to Ge deposition is only one[19]. Ge epitaxial growth proceeds as described by Luan and
Cannon [47, 72]. This oxide barrier provides a high quality passivation surface, which proves
useful during device design. This process is used for p-i-n and p-n-n [20] diode fabrication in
previous work and the Ge-on-Si laser fabrication [21].

In situ doping of the material is demonstrated to be the most suitable way of increasing
the uniformity of the dopant concentration. As seen in figure Figure 29, when comparing
implanted samples with in situ doped samples, the latter showed more uniformity and a greater
number of active dopants. The in situ process allows P doping side by side with Ge growth. The

process allows the creation of n+Ge which is P doped Ge at 10*%cm™.
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Figure 29.- SIMS analysis of Ge implanted samples and in situ doped Ge growth. In situ
growth shows uniform doping with no addition of defects. Full activation of carriers is
achieved.

Defect concentration is known to decrease under annealing. As will be seen, annealing
decreases the total amount of dopant concentration due to diffusion of dopants. N-type dopants,
as will be discussed, diffused faster in Ge than in Si. The enhanced diffusion in Ge prevents
reaching concentrations above 2x10*°cm™ while still keeping a low point defect concentration.
Anneals can reduce the threading dislocations (~10%cm™), but due to enhanced diffusion
dopants will be out diffuse through anneals capable of removing the dislocations. Other
methods have been explored to reduce the defect concentration, or even Ge buffer size, by
constraining growth in one dimension. More of these approaches will be shown in the

following sections.

3.1.1 Tensile strain and dislocations

Ge-on-Si heteroepitaxy has provided the tool for band gap engineering Ge, and provided new
functionalities. Because of the difference in lattice parameters, a mismatch strain builds up in

the growth layer with increasing thickness. Through the growth process described in the
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previous chapter, we grew a Ge film with ~0.25-0.3% tensile strain. Growth in different
geometries is considered in this thesis, especially Ge waveguides, for the formation of Fabry-
Perot devices. In this section we will review the nature of dislocation in Ge under 1-D growth
constraints and the effects of such growths on the overall tensile strain.

In Ge grown on Si (100) substrates, a layer of misfit dislocations forms at the interface.
The misfit dislocations usually terminate in closed loops ending at precipitates, point defects,
internal interface or by forming two threading dislocation arms directed toward the surface. We
will explore the last two possibilities. As strain relaxation occurs, the misfit dislocation
expands by lateral glide in <110> orthogonal directions.

Threading dislocations terminate most likely on the surface or at the oxide interfaces, as
was proven by Chen[27]. The quantity of misfit dislocations, Ntp, and hence threading
dislocations, correlates to plastic relaxation, § , [87] by,

8 = Nppbly, /4
where b is the burger vector, and 1, is the average misfit dislocation length projected into the
(100) plane, measured to be 8um. With short threading dislocations of average length shorter
than stated, present theory would not account for the strain generated. In the case of
waveguides, in which the width is ~1 um, the dislocation velocity, vy determines such plastic
relaxation kinetics. Furthermore, the strain is reduced.

The dislocation velocity is dependent on stress, time-temperature and dopant type and
concentration. In our growth the temperature range of interest is 650-750°C with a n-type
dopant concentration ranging from 1-5x10°cm?®. At temperatures above ~500°C the
dislocation velocities are nearly equal under any stress [89], providing an appropriate frame for

analysis.
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Increasing the dopant concentration of n-type dopants shows an increase in the
dislocation velocity, as seen in Figure 30. Dislocation velocity can be described by v, = v8,
where v is the dislocation velocity for intrinsic materials, and 6 is the dopants
concentration[90]. Since the strain relaxation rates vary linearly with dislocation velocity,
enhanced dopant concentration can lead to elastic relaxation at the surface and decrease strain.
The speed of heavily doped Ge n-type 1x10"%cm™ is ~0.06-0.1cm/s under the temperature range

for Ge growth[91], being 400-650 °C.

T T T T T T rr] T T T T T T rr] T T L B R R R |

i)
—
© .
> oot ‘ I I T ——intnsic] | "
— - .
O
o
() '05 1= —
> 5
= T3
s
1.0 -
1E-4 T T T T T T
- 115 120 125 1% 135 140 145 -
UT (107 K)
_1.5 T T T T L I T T T T L I T T T T L I
17 18 19 20
10 10 10 10

Impurity Concentration (cm™)

Figure 30.- Effect of n- and p-type doping on 60° dislocation velocity in germanium at T =
500°C. A neutral impurity such as Sn has no effect on dislocation velocity at a concentration of

2x10*cm™. Correlation between temperature and speed increase on intrinsic Ge is shown.[92]
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The high dislocation speeds facilitate glidding and termination of dislocations on the
sidewalls on oxide walls widths under ~0.01cm, during the cooling process from Ge growth
from 650°C to 25°C. Dislocations terminations are statically limited. In order to correctly
estimate the necessary area - oxide walls widths- the termination process has to be analyzed
from the types of threading dislocation present.

The type of threading dislocation present in epitaxial growth can be divided as sessile
and glissile dislocations. The former are pure edge dislocations on Ge which move on the
[110] and [110] directions, avoiding interaction in (001) plane. These dislocations have no
shear stress under biaxial stress[93] and will not glide under thermal stress. The glissile
dislocations are mixed 60° dislocations with Burgers vector in [101],[101],[011] and [011];
they are invisible to the (111) and (111). They are the only dislocations that will glide under
thermal stress. There are some mechanisms by which a sessile dislocation can become two
glissile dislocations, however, the energy of transformation is of the order of 10eVV/nm and too
high to overcome even at the melting temperatures for Ge. Interactions between sessile and
glissile dislocations form new glissile dislocation. The energy of formation of this dislocation is
smaller and more probable in Ge samples. Note that most of the dislocations observed in Ge are
of glissile type and prompt to terminate during annealing, decreasing the density of
dislocations.

Furthermore, gliding reaction time of different dislocations slows down the process of
termination, causing anneals to lose effect. Further analysis indicated that every dislocation
reaction cause reduction in the dislocation density, which can be set as

dp
dm

2

—kp
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where p is the dislocation density, m is the number of anneals cycles, and K is the reaction rate
constant[47], however, this model is incomplete for multiple anneals. For a single anneal, the
model accurately predicts the reduction of dislocations on intrinsic Ge to threading dislocations
~10%m™  This model shows that the increase in anneal cycles permits the reduction of
dislocations but it lacks to consider clusters of dopants preventing their termination. Clusters of
dislocations will no react and pile-up, increasing the average threading dislocation count to
~10%m? after 10 anneal cycles.

With no anneal cycle, as the case in our growth, permits the dislocation concentration to
start at ~10%cm™ in intrinsic Ge. The second anneal reduces the threading dislocation density
below 10%cm™. Starting threading dislocation in heavily doped n-type Ge 1x10%%cm? is
registered at ~10%cm™, and expected to decrease in subsequent anneals.

Moreover, on smaller grown area dimensions, the dislocations travel shorter distances
and can be annihilated at the oxide walls. Analysis had been done showing dramatic reduction
on dislocation density with reduced areas deposited, as seen in Figure 31. An analysis
performed with doped-Ge is missing. Extrapolating these findings, it is expected to reduce

dislocation density equivalently by the reducing 1-D of the oxide walls, forming waveguides.

70



pect;]d widthof | 1= |
zdevi%es : 5
":'E ;_.-' FH_F':_—_____-
g ] : =
& | |
=
=
=
Lﬂ ]
v |
|
. . i :
20 40 60 B0 100 120

Width of Selective Area Growth Squares (um)

Figure 31.- Average etch pit density of intrinsic Germanium grown on squares surfaces of

diverse widths after cycle annealing.

Ge device geometry selected is confined to rectangular prisms, for example, 1-D oxide
confined waveguides. The width of these waveguides are <3um, being less than ¢,,,. At these
small dimensions, the dislocation mobility is high enough to permit relaxation of the Ge film
and decrease threading dislocations density during growth. With an average threading
dislocation density of ~10°cm™, and considering random termination on the Ge-Si interface or

oxide walls, the dislocations would travel an average of distance in the <110> direction of

w/+/2, w being the width of the waveguide or thickness of the waveguide, ~0.5-1um.

Two main variables are changed: ¢, of dislocations, depending on width and thickness
of the growth; and terminated dislocations, due to enhanced speed. This is confirmed through
TEM micrographs, as seen in Figure 32, where dislocation density is below 10%cm™ Plane-view
TEM shows a transition from heavily dislocated, on the Ge buffer, to defect free in the thick

n+Ge. The low level of defects is explained through the reduced distance the dislocations have
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to travel before terminating in the interface. The dislocation density reduction is not total, as
suggested from the gliding speeds. The terminal dislocation density indicates anchoring of the
dislocations through screws and jig dislocations, and the existence of sessile dislocations.
Nevertheless, the change in dimensions reduces the dislocation density below Ge films,
confirming that the etch pit density reduces by size of growth due to defect necking
mechanism[94, 95].

The epitaxial necking explanation of defect trapping is based on the assumption that, in
the (110) {111} slip system, threading dislocations (associated with the stress-relieving misfit
segments at the epitaxial interface) lie in the {111} planes in the (110) directions. The
“trapping” of these threading segments line directions would project into the oxide sidewalls
should the dimensions allow.

In our work we observe that cooling of the Ge growth and dimensions limit the total
number of dislocations terminated. During Ge growth the film is fully relaxed — avoiding any
external stress — preventing movement of the dislocations, therefore, reducing the total number
of dislocations terminated. Dislocation density reduction still occurs during cooling but the
decrease in dislocation portrays an issue in total strain retained. Since both dopants and area
growth available present a decrease of dislocations, it is not clearly identified which of these

two effects dominates in our growth.
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Figure 32.- Plane view TEM sample of waveguide growth Ge at doping conc. ~1x10*°cm™. The
dislocation density is ~10°cm™ around the interface which represents the Ge buffer. n+Ge
shows <10%cm dislocation density.

Different Ge waveguide structures possess different strain in their systems. It was
previously demonstrated[76] a process to induce strain in Ge through its buffer according to the
growth temperature and relaxation of the lattice. We only focused into 650°C due to optimal
growth condition for doping concentration. At this temperature, Ge films grow with a tensile
strain of ~0.2-0.3% tensile strain. It has been shown that this condition is not kept in mesas
[96], and similar effect is expected on waveguides.

Faceting at reduced areas can induce to elastic relaxation of the strain as shown in the
schematic in Figure 33. Stress in a thin film is due to lattice or thermal mismatch between the
film and the substrate. In the case of Ge-on-Si, this mismatch is achieved during growth where
Ge is relaxed and stressed while cooling. The stress is maximized in the interface, and

translates to the rest of the body.
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Figure 33.-Schematic showing that reducing the fact angle is equivalent to moving atoms to the
interface

The strain energy decreases due to elastic relaxation by faceting. The loss in strain is not
as significant as with mesas since waveguides are limited in 1-D. For a piece of rectangular
mesa with average width s, thickness h, and a facet that makes an angle of 8 with the surface,

the amount of decrease in strain energy per unit volume, is given as

£=2](B)in (S cheans)|

where ¢ = 0,2(1 — vy;)/2nGs;. Here oy, is the biaxial stess of the uniform blanket Ge film
(around 0.2-0.3% with our growth parameters), and vg; = 0.278 and Gg; = 51GPa, which are
the Poisson ratio and the shear modulus of Si (100) substrate, following Liu’s approach[16, 97].
The average loss for a 0.25% strain sample would translate into ~0.03% loss in strain, which

matches with our observations. The value is calculated from E = Y;,(g2 —ef), where
Y100 =102.66, is the Young modulus of germanium.

The reduction in dislocation quantity translates into loss in strain since the dislocations
accommodate the stress and strain in the system. Misfit dislocations form to reduce the strain
energy, hence, as the dislocations reduce the strain energy increases. The calculated strain

change from ~10%m™ to ~10%cm dislocation density is ~0.01%. The approximation can be
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derived from Cantu’s[98] and the fact that we have 4 families of preferred dislocations [011]
acting perpendicular to (100) plane. As seen in Figure 34, the release on tensile strain
surmounts to a change on strain of ~0.03+0.02%. With a release on strain the peak emissions
on PL would blue shift due to the increase in energy in the I" valley. This is not observed, as
demonstrated in further chapters. Since PL shift is not significant, and the error in measurement

can lead to a 0.02% error, we observed that the strain is changed by 10% compared to films.
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Figure 34.- XRD from Ge waveguides and thin films doped to 1x10"°cm™. FHWM does not
provide information due to the heavy amount of oxide in the Ge waveguides. There should be
a blue shift in emission with these conditions, but due to the heavy doping, it is compensated.

It was demonstrated that Ge doping and dimensions constrains permit a lower level of
threading dislocations than Ge film growth or nondoped intrinsic material. The reduction on
threading dislocations reduces the stress on the film, hence, the strain on the Ge devices.
Fortunately, reduction on stress is less than 0.03% making the shift insignificant for the energy

transitions on the different bands.
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3.1.2 Facet formation

Germanium growth occurs with facet formation. Such facets, acting upon each other, limit the
total thickness of the Ge devices. In this section, we show the dependence on size and pressure
on the growth of Germanium waveguides. Reduction of defects under certain conditions is
discussed.

Germanium was originally produced in the form of films, for the use of photodetectors,
modulators or LEDs. These films would be etched, refill with oxide or other materials. The
approach led to inefficient devices due to inclusion of defects during etching. The approach
explored previously by our group showed to be the best alternative. Using oxide windows,
exposing bare crystal Si for Ge growth showed to passivate the walls and increase performance
of modulators and photodetectors. In this work we followed the same approach.

Starting with bare-Si prime wafers, we growth a thermal oxide, ranging from 200-
800nm. Photolithography was used to make a mask for RIE etching. During the etching, a
slight amount of oxide should be left to avoid the resist interact with the Si surface. BOE
etching is performed to remove the last 10-50nm of oxide, exposing the Si surface. The
dimensions of the Si channel are limited to the photolithography, being 700nm the limit. More
details to this approach can be found in the Appendix.

During growth it was believed that growth would be uniform in height through the
wafer. It was seen in Liu, et al[88] that Ge tend to form facets. The facets are angle
dependent[16] with the oxide walls and are predominantly (100), ( 311) and (111). More
importantly, the growth is under constrain dimensions. As the facets growth at different speeds,

once a facet is terminated, it shuns the growth of the others. As seen in Figure 35, undoped Ge
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grown at 720°C showed a clear decrease in dimensions on the same sample as the dimensions

of the oxide window were decreased.
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Figure 35.- Profilometry of different undoped Ge mesas growth at 9.8mtorr at 720°C for 2hrs.

Widths varying from 100um to 5um demonstrate growth limits due to window size.

The effect is not exclusive of undoped Ge. As seen in Figure 36, the decrease occurs
more abruptly the smaller the sample dimensions due to terminated facets. To explain the fill
and height differences, the problem has to be addressed from facet orientation formation and

growth speed.
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Figure 36.- Height change from different Ge waveguides doped to 1x10*cm™ Growth
conditions at 9.8mtorr with 350nm of oxide window. Ge waveguides width changes from 3um to
1um with steps of 0.1um. Maximum height observed is ~650nm and minimum of ~450nm.
Growth is terminated due to the (111) facets.

The facet growth dependence to the window oxide was treated by Liu’s work [16] and
Borgstrom [99]. The shape is predetermined by the growth rate in the orientation perpendicular

to the facet. In our case we will deal only with the convex surface case, illustrated in Figure 37.
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Figure 37.- Schematic showing Borgrstrom construction with a convex surface 0° <6 <

180°. In convex structures h; is slower than hy,
In the schematic, for easy comparison, the areas are equal at the beginning, established

by the substrate. In convex surfaces, the slowing growing facet consumes the faster growth
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facets. In concave surfaces, the opposite effect is found, where the fastest growing facet
consumes the slowest one. The construction implicitly assumes that the growth rates of the
orientations between the growth directions of two neighboring facets are linearly interpolated.

Another method used is the Wulff construction. Its ability to determine the shape in
planar substrates makes it ideal for patterned oxide windows. Wulff constructions take into
account the growth rate in all directions, instead of assuming a linearly interpolation. We took
this as the method of study to take into account all the possible facets formed.

From observations, the three main facets of growth for Ge are (100), (111) and (311).
Knowing their facet speed growth would give us an estimate of the time required to fill a
trench. We have studied the growth rate on Ge on Si in <100>,<111> and <311> at different
pressures and at different thickness, as shown previously. With the help of the Wulff
construction, and using the sidewall angle ¢, shown in Figure 38, and using cross-sectional
SEM a simple expression can be reach, derived from previous known theory. It was shown that

filling time would be,

des _

i (ﬁ) sin(¢ + 6<5)
fill — -

Ve Ve

where d< is the thickness growth of the facet <>, v.. is the speed of the facet growth, 6., is
the angle of such facet and h is the thickness at the highest point. This expression is correct for
any Ge growth, as long as the width of the mesa is larger than 50um . At Ge thickness growth
over 4 um , this expression is no longer valid. The growth time might also vary according to

pressure and temperature, which are not taken into account in the expression.
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Figure 38.- Wulff construction for cross-sectional morphology of Ge selectively grown in
trenches with (a) a sidewall angle (¢) close to 45°, and (b) a sidewall angles (¢) close to 90°. The
dotted lines demonstrate the Wulff construction of (111), (311) and (100) facets. The area
enclosed by the dotted lines and the SiO, side wall determines the shape of the GeSi crystal
(thick black lines). The profiles shown here correspond to the moment when the trench is just
filled up. This model is compared to cross-sectional SEM pictures of Ge grown in trenches with
~ 45° sidewall in (c) and ~90°sidewall in (d). The Wulff construction model is in good
agreement with growth morphology shown in the SEM pictures.[100]

According to the sidewall angle, there is a predominant facet growth [16]. When
¢ < 82.5°, the (111) facets will be the limiting factor during the growth rate; when ¢ > 82.5°,
the (311) facet will be the limiting factor. As seen in Figure 39, the theory matches
observations. However, the growth filling factor is not corrected when two neighbor facets
intercede.

Under identical conditions, Ge growth rates changes according to the size of the

window oxide. This is due to the (311) colliding with its mirror facet. This is independent of

80



the angle since growth direction will be dominant by (001) and will always have same
neighboring facets. The time it would take to collide is

ds3i; w w

t311 = = =
V311 2V311€0883117  1.8v3q

Where w is the width of the oxide trench width. This time would have to be compared to ts
derived. If t311 is smaller than tqy, then the maximum growth possible is

{311 V<>

(sin(d) + 0<>))

sing

Figure 39.- Ge waveguide SEM growth under 9mtorr for 90min.
In summary, the window oxide permits the growth of complex shapes of Ge while still
retaining passivation. Nonetheless, the oxide also becomes a limitation when the structures are
reduced. Our point of interest is on waveguide structures under 3um. Hence, the limitations put

another stop into the growth and filling of the trenches.

3.1.3 Pressure dependence on Ge waveguides growth

The growth filling of oxide trenches is vital for device fabrication. During CVD fabrication, it
was used a constant temperature and GeH, - PH3 flow. From rate Kinetics it can be derived that

the only variable is pressure. In this section we demonstrate how a varying pressure has a
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strong effect on growth rates of n+Ge. Under UHVCVD, we explored the growth kinetics
under higher pressures than 2mTorr [77] and how the growth rates facets and overall thickness
in Ge change accordingly. The gas flow was PH3 at 12sccm and GeHy at 3.7sccm. The growth
temperature was set at 650°C. Growth time was limited to 90minutes.

It was observed that facet growth rates do not change significantly with different
pressures. The most plausible trend needed is reduction of (311) facet growth rate, an increase
on (111). As seen in Figure 40, there is no evident increase on rates. From fitting a slight
increase is seen in (111) facets under heavy pressures. If a trend is assumed, the shift is greater.

Such measurements need to be performed to justify such shift.
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Figure 40.- Growth rates at different pressures under same time and conditions. Dashed line
shows predicted growth rates, and dotted line the most possible case where the growth

differences are noise on the measurement.
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The growth have been normalized to the (100) plane but the overall thickness differ.
The fastest growing facet (100) would have to grow enough in order to overcome the tsy; limit.
Under a time frame of 90 min, this limit is not achieved. The growth rates remain
approximately constant so further investigations are needed at different angles in the oxide
windows.

In Figure 41, we can see the increase in growth speed over different pressures, same
temperatures and same oxide trenches width. The final thickness changes significantly. The
stronger the pressure the most likely a Ge atom will recombine in the surface since it would be
more available. Pressure correlates directly with concentration of atoms from ideal gas law,
Ce=p/KT. The increase in thickness is linear which matches with steady state conditions, where
flow V is linearly dependent to concentration Cg. The increase in pressure should not increase
the defect concentration since Ge mobility is dependent mainly on the temperature of growth,

as long as the reaction is reaction limited.
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Figure 41.- Final thickness of growths at different pressures, and same temperature and time.
Linear dependence to rate of deposition is obtained due to similar growth conditions in time

and flow.
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In summary, we observed a change in growth rates linearly dependent to pressure. This
dependence can give an estimated growth size related to pressure. From these results it would
be recommended to grow under heavier pressures, while doing plane-view TEM defect
analysis. The following section will discuss how to improve strain in Ge, and the removal of Ge
buffer.

In this section we demonstrated,

- Dislocation dependence to width, temperature-time, orientation of the trench, and doping.
- Tensile strain decreases insignificantly despite reduction of dislocation density
-Facet formation rates limit the thickness of the Ge devices

- Total pressure in the system does not change the facet growth speeds.

3.2 Ge Nonbuffer growth

The Ge buffer has been an essential part for the growth of single crystalline low dislocated Ge.
The buffer accommodates for the large mismatch between Si and Ge, as explained in previous
sections. Ge-on-Si photonic devices typically require a minimum thickness of 50-100nm, so that
the buffer can occupy a large portion of the active device. This buffer layer is highly dislocated
and therefore has a large number of recombination centers that can degrade the performance of
Ge devices, as was seen in the TEM figures. For Ge photodetectors, the recombination centers
can reduce responsivity and increase dark current. In the case of on-chip Ge lasers, the Ge buffer
reduces gain and acts as a dopant sink. Therefore it is highly desirable to eliminate the buffer in
order to improve device quality. In this section, Ge buffer reduction and elimination is explained.
It is shown that the excess of dopants and reduction of dimensions provide a path to deposit Ge

without a buffer.
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Typical Ge growth has a low temperature Ge buffer [24], but as seen Figure 42, it has the
drawback of dopant sink. Thicker the Ge buffer, the larger the dopant absorption taken from the
active device area. This sink can take concentrations over ~10%* cm™ on dopants making them an
important part of electrical and optical properties. Electrical since it can form alloys of GeP
making it more difficult to conduct to the n+Ge active layer. Optical since it can take part of the
dopants in n+Ge, reducing the possible achievable gain. At such dopant absorption, the buffer
can be detrimental to achieve high doped Ge for laser devices, which needs >1x10%cm™ P
concentration. Once the P reaches the interfaces, those being Si or SiO,, the P diffuses order of
magnitudes slower. It suggests that the main mechanism of dopant loss is outdiffusion to the

surface or the sink.
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Figure 42.- (a) SIMS results showing P concentration in Ge-on-Si. Notice that the buffer acts as
a dopant sink with concentrations above 1x10%cm™. (b) schematic shows typical Ge trench
growth and where the dopant sink appears, which is in the Ge buffer.

Furthermore, Samaveda reported that bufferless Ge growth has a thickness limitation,

where the diameter of a selectively grown area had to be less than the thickness of the Ge film
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in order to retain single crystallinity [101, 102]. Since Samaveda’s research focused on the
growth of dislocation free Ge, it is not clear if his constraints are generally applicable. Ge
islands tend to have an average length ~3um. If the average diffusion length is shorter, the
island growth is expected to be suppressed. It is perceived that a 1-D reduction laterally, to
confine in waveguides, should be the mechanism needed to permit the same effect.

This section will cover the general preparation and the particulars of each growth. It is
discussed the P, B and combine effects in the growth. The epitaxial Ge layer shows an
atomically abrupt interface with Si and still retains its tensile strain compared to identically
patterned Ge using a buffer layer. Bufferless Ge can potentially improve the performance of

Ge-on-Si photonic devices.

3.2.1 Materials preparation

Epitaxial Ge without buffer was grown on bulk silicon substrates with (100) orientation by
UHV-CVD using a low temperature Ge buffer to accommodate for the 4.2% lattice mismatch
between Ge and Si. The buffer thickness and growth conditions were varied to determine the
minimum thickness of the buffer that still results in single crystalline Ge growth.

Before Ge growth, Si wafers were wet-oxidized to 500nm oxide thickness. The wafers
were then patterned to open long rectangular windows of various widths (200-1500nm) spaced
100um apart and etched using reactive ion etching (RIE) and a buffered oxide etch. Ge was
grown in the open windows selectively as previously mentioned [103].

The bufferless growth was performed at 650°C -720°C for 2hr with a variety of flows,

reported ahead and total pressure during growth at 9.8mTorr.
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3.2.2 Bufferless P-doped Ge

Phosphorus is a dopant of choice for n-type Ge due to its high solubility. Moreover, n-type
dopants permit a faster movement of threading and misfit dislocations, reducing centers of
nucleation during growth. Phosphorus can be considered as a surfactant that provides stress
release to Ge deposited, or as a dislocation diffuser. The introduction of a 1-D constrain
provides a barrier for island formation, as it will be seen in this section.

While it was not found that any large area growth conditions that yielded a pit free
epitaxial layer without the use of a buffer, dimensional constrained growth areas could be used
to grow bufferless Ge. Figure 43 shows an example of a 2um wide Ge layer, selectively grown
in an oxide window without the use of a buffer using the same growth recipe as typical n+Ge.
The rate is 3.8sccm Ge to 12sccm P at 650°C for 2hr. The Ge layer clearly shows faceting, a
sign of single crystal growth. This material was further explored using transmission electron
microscopy (TEM). Due to the small size of the sample and the distance between Ge layers,
focus ion beam preparation was necessary to obtained a Ge sample. Analysis was performed in

the direction of the (100) and (111) planes (Figure 44).

Figure 43.- Bufferless Ge growth upper view SEM in constrained oxide window. A lateral

constraint of <2um results in single crystalline epi-Ge growth.
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TEM images confirm the single crystal growth, as seen in Figure 44. The misfit
dislocations are clearly constrained to the Si-Ge interface, extending less than 5nm in either
direction. Analysis was performed in the direction of the (100) and (111) planes. Fourier

transformation analysis of the high resolution images confirmed the single crystallinity of the Ge.

Figure 44 . TEM image of the Si-Ge interface after bufferless growth in a constraint area.
The[001] plane matches the lattice in both materials.

TEM plane-view aligned to (220) plane reveals, as seen in Figure 45, a similar quantity
of dislocations, ~5x10%m™. This small concentration of dislocations is only expected with

annealed samples.
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Figure 45.- Ge heavily doped to 1x10*°cm™ grown without buffer. The dislocation density is

~6x10%cm™.

Due to the difference in thermal expansion coefficient between Si and Ge, Ge-on-Si
layers typically show a tensile strain of about 0.2-0.3% due to lattice relaxation at growth
temperature. In order to determine if bufferless Ge layers retain tensile strain, we evaluated the
residual strain in the layers using XRD. We found that the tensile strain of the bufferless Ge
waveguides 1um on width is ~0.25% as can be seen in Figure 46 in comparison to a Ge layer
grown with buffer. This result shows better strain than buffer Ge waveguides, which show a
decrease in strain. Full-width-half-max (FHWM) of the Ge XRD peak in both samples is
equivalent showing that bufferless Ge has similar tensile strain compared to a Ge film grown

with buffer.
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Figure 46. XRD peaks of Germanium (004). Symmetrical measurement shows compressive
strain in the z direction, translating into a ~0.25%tensile stress. Distribution of strain is
observed through comparison of FHWM.

The increase in tensile strain can be due to reduction in the buffer which prevents heavy
relaxation to occur in small trenches. This effect has the potential of increasing emission and
gain in Ge light emitters.

Ge was grown, as stated before, in the oxide channels at different thicknesses. Ge grows
in trenches of ~2um width or less exhibiting faceting, as can be seen in Figure 47. Continuity in
longitudinal dimension suggests single crystal epitaxial growth, in any sample, and from now

on in this analysis it is taken as a condition for crystallinity.
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Silicon substrate  2%m

Figure 47. SEM image for Si/Ge interface with dimension constrained bufferless growth. [001]
plane matches the lattice in both materials. Cross-section(a) and upperview (b) show faceting
and continuity of the Ge channels.

SEM microscopy confirms the polycrystallinity by loss of faceting for oxide openings
with widths larger than 2um, as seen in Figure 48. This loss in faceting suggests a competing
mechanism between the P dopant and the nucleation growth controlled by the oxide window

width.

Figure 48. SEMs show top-view of the Ge channel growth and their change in roughness as their
width change. Observe that at thicknesses above 1um the faceting is no longer discernible.

Due to the small dimensions of these structures, Hall effect was not used to determine
the dopant concentration. In n-type Ge, the crystalline quality can be determined by the

photoluminescence (PL) of the direct bandgap transition [49, 104]. Figure 49 shows a
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comparison between n-type Ge-on-Si with and without a buffer layer. The figure clearly shows

that the PL emission of both samples have similar spectral width, indicating high crystalline

quality. The samples PL were normalized to peak intensity to see the peak shift, which is used

to determine total active dopant concentration by using BGN. The larger the red shift, the larger

the dopant concentration [105]. For more information, please refer to chapter 5. The red shift

shows the bufferless method potential to achieve higher doping concentrations with the

appropriate growth conditions. The PL demonstrated here, was grown with delta doping.

Bufferless Ge grown under same conditions as standard Ge showed identical PL emission.
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Figure 49.- Normalized to peak intensity PL comparing buffer and bufferless Ge growths,

showing the potential of higher doping shown through the red-shift to 1640nm= ~3x10"%cm™ n-

type active dopant. Both films showed same tensile strain ~0.25%

As the Ge height increased, twinned facets appear on the surface. Twinning occurs for

thicknesses larger than 700nm for 1um wide channels. The Ge crystallinity is highly dependent

on the phosphine flow during growth as was observed in further experiments.

Generalizing the effect of P in the surface for epitaxial growth was studied. Through

single flows of P at different temperatures, and flowing only Ge afterwards, or at different rates
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of P:Ge. From these approaches a combination of P:Ge seemed to accommodate the most
defects and permit growth of an almost defect free surface. P was expected to act as a surfactant
but with pure P flown for a period of time, and after only Ge flown does not show continuity or
crystallinity.

With a rate of 12:1 P:Ge while keeping total pressure in the system at 9.8mtorr at 720°C
for 5 min and then growth of intrinsic Ge showed heavy twining while still keeping the

crystallinity. As seen in Figure 50, faceting is clear but twinning occurs through the length of

the waveguide.

Figure 50.- Ge growth with rate of 12:1 P:Ge flow for 5min and intrinsic growth for 90min.
Heavy twinning is observed, prevented the continuity but keeping single crystalline body.

Further TEM analysis revealed and increase in defect concentration. The dislocation
density in the interface with the substrate was close >10°cm™, while the body remained around
~10%m?, and the upper surface ~10°%cm™. It suggests that the threading dislocations glide
easily through the body of the device at 720°C.

Under the same conditions at 650°C growth temperature a different result is obtained.
As seen in Figure 51, the waveguide structures possess less elastic relaxation in the surface, and

show a more uniform grow facet. The increase in P incorporation permits faster diffusion of the
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Ge atoms that are being deposited. The dislocations, as well, are faster to lock or distribute

through the surface due to the dopant enhancement, as explained in previous sections.

Figure 51.- Ge growth with rate of 12:1 P:Ge flow for 5min and intrinsic growth for 90min.
Continuity is observed throughout the surface of the Ge waveguide.

TEM Plane-view analysis showed that even though the continuity was preserved,
dislocations were still high, as seen in figure Figure 52. The dislocation densities were between
10%-10%m™ through the intrinsic grown Ge, while the misfit dislocations and most of the
threading dislocations were buried during the initial layer, which acted as a buffer. The results
show that P acts as a both a surfactant and an increase of threading dislocation speed. The
existence of epitaxial growth with the single layer of P suggests the surfactant effect. The
threading dislocation density difference between a Ge body fully growth with P and a single

layer shows the increase on speed of annihilation of dislocations.
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Figure 52.- Plane-view TEM aligned to (220) plane to quantify the threading dislocations. It
shows a variation from >10%cm™ to ~10%cmin the upper surfaces.

In summary, it was demonstrated epitaxial growth of Ge without the use of a buffer to
accommodate for the large lattice mismatch between Ge and Si. These films retain all misfit
dislocations at the Si-Ge interface and show similar strain when compared with Ge-on-Si
epitaxial films grown with buffer. P mechanism reduces the total threading dislocation in the
body of the Ge growth. P effect is a combination of surfactant and threading dislocation speed
increase. Oxide 1-D trench permits to control the epitaxial growth areas. Bufferless Ge epitaxial
films can therefore mitigate issues like carrier recombination and dopant accumulation that has

limited the performance of Ge films grown with buffer.

3.2.3 Bufferless B doped Ge

Boron is a p-type dopant that has been used in Ge devices to produce good ohmic contacts for
MSMs[106], pin photodectectors and modulators [101] and even pnn light emitters[49, 107]. It
is explored the possibility of using B as a surfactant or stress reliever in the same form as P. It
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will be demonstrated that the same concept of s dopant surfactant and 1-D oxide constrain can
be used with p-type dopants.

The conditions for the started growth were 12:1 B:Ge flow. Boron is not well
represented since it is diluted to 1% with He. The total pressure remained at 9.8mTorr. After a

period of 5min grown at 720°C, the growth was changed to intrinsic growth at the same

temperature. SEM analysis shows faceting but lack of continuity, as seen in Figure 53.

Figure 53.- Ge growth with rate of 12:1 B:Ge flow for 5min and intrinsic Ge growth after that.
Ge waveguides show heavy twinning and the possibility of columnar bamboo growth.

Comparison with TEM showed that system is crystalline but heavily
dislocated, >10°cm™. P-type dopants reduce the speed of annihilation of dislocations, such that
the increase in dislocation density is expected. The performance for photodetector devices is
doubted due to heavy amount of dislocations and possible grain boundaries, which are known
to increase the dark current.

It is believed that these grain boundaries are due to the nature of bufferless growth with
a mixture of 2:1 B:Ge at same pressures and temperatures throughout the entire growth. The

morphology, as seen in Figure 54, is disrupted. This result confirms that the growth is mediated
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by surfactant effect rather than dislocations. B decreases speed of dislocations, which would

produce same result under heavier B concentration.

Figure 54.- 2:1 B:Ge growth at 9.8mTorr. Multiple grains are formed showing evidence of
bamboo formation.

With 4:1 B:Ge, under same pressure of 9.8mTorr at 650°C, the material showed
continuity and slight twinning, as observed in Figure 55. The effect of Boron through the entire
Ge matrix acts more as a stress reliever, otherwise previously described waveguides would
have been single crystal as well. This result confirms the surfactant effect of Boron on Ge
growth.

It was demonstrated that B can also be used under the same condition of 1-D oxide
trench constrain, despite the increase in dislocation density. B is confirmed to act as a purely

surfactant material for Ge.
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Figure 55.- 4:1 B:Ge SEM cross-section and plane-view. Continuity and slight twinning is

observed. Faceting indicates single crystal.

Further experimentation is needed at lower temperatures were Diboron gas is reactive, and

both, Ge and Si, surfaces are more reactive to addition of the dopant.

In summary, we have demonstrated bufferless growth of epitaxial Ge-on-Si. Controlling 1D
in oxide windows provides larger single crystalline Ge on features under 1.2um width. This
effect is partially controlled by dimensions since the nature of the dopant plays as important of
an effect. As the dimensions increase above ~1 um, the surfactant effect , and formation of
several nucleation points appear, creating a polycrystalline material. We conceived that the
addition of B, relaxes the Ge matrix, permitting any dimension to be growth due to the combine
effect of both dopants. We show evidence that a growth combining both dopants relaxes
dimension constrains, providing a wider dimensional range of epitaxial growth. Further
investigation on lower temperatures and more equivalent rates with less diluted solutions are
required. Notice that both P and B were diluted with He to 10% and 1% respectively. Even
though He does not interrupt the reaction, the possible maximum concentration is constrained, as

well as the effects achieved for the bufferless growth.
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In this chapter, we covered:

Advantages of a heavily doped n-type Ge for dislocation reduction

Advantages of confined growth, and its implications to strain and threading dislocations
Defined the maximum possible height in a constrained 1-D structure

Pressure independence to facet growth, and linear dependence to rate of total growth

thickness

Feasibility of non-buffer growth through used of confinement and heavy doping n-type

The following chapter deals with doping in Ge and the approaches taken in order to increase

the n-type dopant content.
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Chapter 4. n-type Doping

Ge heavy doping processes have been explored with limited success. The maximum doping
concentration achieved through UHV-CVD s limited to ~1x10*%cm™ [27], since it is reaction
and diffusion limited as seen in Figure 56. This maximum dopant concentration represents the

starting dopants for all the diffusion methods analyzed.
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Figure 56.- Comparison of total active concentration of growth at different temperatures. Limits

to the maximum active concentration are set at 1x10*°cm™. [88]

The active carrier concentration needed for carrier inversion in Ge is >1x10%°cm™ [56],
and the evidence presented in this chapter suggests that achieving higher level doping is feasible.
In this chapter, we present the challenges around doping Ge on Si. A brief explanation of
the theory and challenges will follow. Then, an approach to solve the dopant issue is shown

through a source of concentrated dopants. This approach follows three different schemes: Spin-
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on-dopant (SOD), overlay implantation and delta doping. Each of these approaches is Si CMOS

compatible and is applicable to Si-based electronic-photonic integrated circuits.

4.1 Doping Germanium

Doping in Germanium, especially n-type doping, is challenging in Germanium for a variety of

reasons.

N-type dopants pose a high diffusivity difference within the chemical solubility limit. The
slowest diffuser with higher solubility is Phosphorus, estimated approximately at 2x10°°cm™
at 600°C and the electrical activation, reported at 6x10°cm™ at 600°C or 7x10*cm™ at
800°C.

Growth of n-type Ge through in situ process is limited, unless using physical deposition
techniques. Physical techniques, such as molecular beam epitaxy (MBE), implantation and
others, portray limitations on scalability and reliability of the devices. Through chemical
techniques, as CVD, there is an inherent limitation as mentioned previously, to 1x10*cm.
Diffusion through the boundaries occurs through all the different dopants. The severe dopant
loss during annealing has been reported even with P [108] . Diffusion through the body of Ge
is usually anchored by charged defects and kinks, permitting a one-path outdiffusion to the
boundaries.

Long anneals can induce Si-Ge interdiffusion, as low as 700°C, as was demonstrated by Xia
[109]. Time constrain on diffusion suggests that a fast diffuser and short anneal times are the
best way to increase the doping concentration without Si-Ge compound formation.

P has been chosen as the dopant most studied in this research due to the high solid solubility

in Ge, >1x10°°cm™. Moreover, the diffusion constants of Ge are well-known, as those for P on
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other materials such as Si and oxide, which are typical boundaries. Moreover, P is the slowest n-
type diffuser in Ge, diminishing outdiffusion during annealing cycles.

The active doping for P is ~mid 10"°cm™, however, as can be seen in Figure 57, the value is
below the solid solubility of the material. Other n-type dopants, such as As and Sb could be used
for such high doping. The limit is due to kinetic effects that come into play during the chemical

reactions in the epitaxial growth of Ge or during recrystallization.
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Figure 57.- Solid Solubility of P, As and Sb in Ge[110, 111]. These lines represent single
measurements taken. Solid solubility might differ from author to author.[112]

The solubility of an impurity in a solid phase is the maximum concentration of such
impurity with another phase. Such behavior is usually explained in the liquid phase; however, the

thermodynamic equilibrium between the crystal and the melt is defined by the segregation

102



coefficient[113]. This coefficient is dependent on temperature, and has an intrinsic relationship
to the radius of the impurity added. As can be seen in Table 5, the trend of radius and solubility
follows. As the impurities increase in size, the segregation coefficient decreases. The solubility
of most elements in Ge exhibits a retrograde behavior[113], which is related also to the
segregation. The elements with smaller segregation coefficient reach the maximum solubility
near the melting point of Ge, hence, P has the smallest retrograde effect for n-type dopants, and
lowest temperature maximum solubility.

The temperature for these effects varies due to a variety of reasons from charged mobility
of defects to redistribution through crystalline structure. The faster element to analyze is the
sheet resistance of the semiconductor. It can be calculated as,

1
.

E [T NN @) dx

where p is the average resistivity of the material, t is the thickness of the analyzed layer, u(T,N)
is the mobility of the majority carrier as a function of temperature and concentration, q is the
carrier charge, and N(x) is the concentration as a function of depth in the material. In heavily
doped materials, the mobility and the concentration dominates the function, minimizing the
effect of thickness. R; is easily measured through Hall effect measurements, a common technique
used for calculating total active dopant concentration throughout the entirety of the
semiconductor volume. It is seen that of all n-type dopants, P would have the lowest Rs in Ge,

making it a good candidate for electrical devices as we intended.
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Table 5.- Doping maximum equilibrium for n-type and p-type doping in Ge, and diffusion.

Doping Maximum Temperature for Expected Diffusion | Activated
element | equilibrium solid max solubility Sheet coefficient Energy,
solubility (°C) resistance, Ry | constant, Dy | Ea(eV)
(at./cm®) (Ohm/sq) (cm’s™)
B 5.5x 10" ~940 315 - -
Ga 4.9 x 10 724 34 - -
P 2.0 x 10%° ~600 42 9.1 2.85
As 8.1x 10" ~800 79 32 2.71
Sb 1.2 x 10™ 815 163 16.7 2.55

As and Sb have not been used in our in situ experiments due to in-situ doping constrains
and maximum solid solubility. Another limitation is that both have higher diffusivity than P and
have a tendency to out diffuse from Ge body [113]. The control of dopant diffusion permits the
use of new techniques to increase the dopant concentration in Ge.

Higher doping concentrations for in-situ doped Ge films are possible when using non-
equilibrium growth methods like MBE. For MBE growth a n-type doping concentration of
1x10%%m has been demonstrated [49]. However, it is very challenging to integrate MBE grown
Ge films into a CMOS process flow due to high capital cost and low throughput. lon
implantation, another commonly used method to introduce dopants into Ge, causes significant
lattice damage such that, after the implantation, samples have to be annealed at temperatures
above 600°C. The lattice damage increases vacancies and other defect concentrations that act as
recombination centers and cause increased optical absorption as well as donor compensation,
decreasing the active dopant concentration. High diffusivity of the dopants prohibits anneals at
higher temperatures to remove the implantation related defects. In order to slow down the dopant
loss, diffusion barriers of silicon oxide or silicon nitride have been used [114, 115].

Active carrier concentration is not equivalent to dopant concentration, therefore, is not

equivalent to the solid solubility. Several groups have shown results with high-doping, even
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higher than 1.2x10" cm™ [116-118], but active doping remains at 1x10"°cm™. The difficulty
comes from keeping the lattice undamaged to provide the lowest scattering effects, which
translates in inefficient optical material; and minimizing dopant compensation by vacancies and
defects. These diverse groups are encountering that optical PL is highly reduced even if the
dopant concentration is high. [119]

Reduction of defects is accompanied by annealing, which enables diffusion of the
dopants. The self-diffusion in Ge is mainly monovacancy mechanism, where the vacancy acts as
an acceptor[113]. No evidence on a contribution of self-interstitials in self-diffusion has been
found on n-type dopants in Ge. The diffusion of foreign atoms like B and Si in Ge is lower than
Ge self-diffusion. This would provide less diffusivity of the Ge into the Si interface, but
enhanced the diffusion of other dopants. The trend can be seen in diffusion constant calculation,

Dge = Dge + Dge(ny/n) + Dge(n;/n)?.
As the dopant concentration increases, the diffusion keeps increasing. It is important to remark
that for a tensile strained Ge, the diffusion coefficient decreases for Si. P and As are heavily
affected by strain, due to the interstalcy mechanism, while Sb shows small dependence because it
is a vacancy dominated diffuser [120]. The effect can be explained through sizes of the dopants.
P and As atoms are relatively smaller or about the same size as Ge, vacancy or interstalcy
mechanism is most likely to occur. However, the major effect at high doping concentrations is
the double charged diffusivity as proved by Brotzmann, et al [115], and experimentally proven
that the effect will be majorly lead by vacancy diffusion. This formalism is based on the direct
consideration of the physical phenomena involved in the equilibrium formation of point defects:
for a vacancy to form, an atom is taken out from the crystal to the surface. This atom increases

the total volume of the crystal by an atomic volume Q equal to 20 A for Si. Neighboring atoms
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around the created vacant site relax and decrease the total volume by V,. The exact opposite
phenomenon is supposed for the formation of an interstitial where an atom of the surface is
introduced in the crystal. The effect of the stress on the equilibrium concentrations of point
defects is determined by the work against the external stress field [115]. Sb slow diffusion can be
understood from the large size of the dopant allowing diffusion only through vacancies. Strain in
the lattice will not improve as much as the inherent strain provided by the dopant.

Results relevant to the dopant diffusion and concentration of Ge are dated back to 50
years ago, mainly due to sheet resistance measurements. P experiments show discrepancies in
diffusion constants and maximum concentration of active dopant [115]. The confusing results on
dopant diffusion in Ge show the need to understand their diffusion behavior more accurately, in
particular P. A picture of the spectrum of diffusion constants is seen in Figure 58. As can be
seen, there is not a single consensus of the diffusivity of P on Ge, changing orders of magnitude
from study to study. However, Cai, etal [121],showed that there is a discrepancy between
extrinsic and intrinsic diffusivity. This discrepancy is due to dopant enhanced diffusion caused
by the double negative vacancy mechanism.

The high concentration of dopants and its common use in diffusion calculations made it
the most suitable [115, 122]. The extrinsic diffusivity Dpv) , defined as the dopants diffusion, is

quadratic carrier concentration dependent and can be expressed as follows:

n,,
D, = D(DV)’ = DO(F) )

where Dy is the intrinsic diffusivity, n is the equilibrium carrier concentration in the Ge, and n; is
the intrinsic carrier concentration in tensile strained Ge at the diffusion temperature. The

reduction in n; has been discussed in previous sections. In our case n is the carrier concentration
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for P concentration in the Ge matrix. This trend shows that under heavier doping the diffusivity

increases, as has been observed in Figure 58.
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Figure 58.- Doubly charged diffusivities from extrapolated diffusivities [115, 123-125] for
temperatures ranging between 600 to 750 °C. The diffusivity for heavy doped materials is up to

two orders of magnitude higher than undoped and implanted samples. [125]

The difference in the diffusion behavior of foreign atoms in Si and Ge is consistent with
the general accepted view that both vacancies and self-interstitials mediate atomic mass transport
in Si, whereas vacancies are the main important diffusion vehicles in Ge. The slightly lower
diffusivity and slightly higher diffusion activation enthalpy of Si in Ge compared to Ge self-
diffusion, indicate a repulsive interaction between Si and vacancies [115]. Notice that the
diffusion of all n-type dopants P, As and Sh, exceeds Ge self-diffusion[126]. In a previous
investigation it has been theorized that this might induce an attractive interaction between the

dopants and the vacancies leading to the formation of dopant-vacancy pairs [115].
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The problem with heavy doping resides in the assumptions made usually for low doping
levels. Such assumptions, as the host crystal is not seriously perturbed and the band edges states
are still described by simple parabolic bands [127], no longer applies. There has been evidence
of BGN in Ge is dopant dependent, due to the different nature of the heavy doping and lattice
strain caused by them. Dopants P and Sb have been studied. P has not shown any band shrinking
or BGN [30, 39], though recently clear BGN has been seen in Ge doped heavily with Sb [128].

BGN and its relation to doping is further explored in Chapter 5.

4.2 Dopant Solid Sources

The doping diffusivity in Ge is strong enough and larger than its own self diffusivity. Dopant
diffusion is large enough than it becomes a limiting factor, as seen in chapter 3. However with
the use of diffusion barriers, such as SiO; or SiNy, the out-diffusion of the dopants can be
retarded. This section will cover the different approaches followed through the use of a dopant
source using the mechanism of enhanced diffusion, as seen in Figure 59. First, we will show
Spin-on-Dopant (SOD) increasing the active doping concentration up to ~1x10%cm™, but not
consistently. We then follow through implantation techniques of different sources to act as
dopant sources. Si dopant sources and self-dopant sources were experimented and showed
increases up to 4x10*cm™, with addition of increment of point defects. Further sections will
show the work done in delta doping in Ge and P. Each of the techniques presented are suitable

for Ge light emitter.
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Figure 59.- Depiction of the strategy for doping Ge through dopant sources.

4.2.1 Spin-on-Dopant

Spin-on Glass doped with P or Spin-on-Dopant (SOD) is a mixture of SiO, and dopants (either
boron or phosphorous) that is suspended in a solvent solution. Phosphorus content of these
solutions is over 10%cm™. The high concentration of potential dopants makes this solution a
good candidate for dopant diffusion source.

SOD is applied to a clean silicon wafer by spin-coating just like photoresist. The SOD is
the dopant source. To get the dopant out of the SOD and into the silicon wafer requires two
steps. The first is a "pre-dep” in which the dopant leaves the SOD and saturates the silicon
surface. After, the SOD is removed in an HF dip. Finally a "drive-in" step is performed in order
to diffuse the dopant into the silicon. This process is mostly used in thin Si films. Due to the
higher dopant diffusion in Ge, the SOD was expected to contribute to higher doping.

Silicon wafers were used as substrate material for grown of intrinsic highly dopant Ge.

The sample is heated to 100°C for 30min in a chamber to remove the water vapor. Then, 5ml of
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SOD Phosphorus PDC1-2000 are spin-on the substrate. The sample is baked for 3min at 200°C
in a hotplate. Ashing the organic components through oxygen plasma, leaves the sample pristine
with only P and SiO,. The thickness of the SOD is 1um to 2um after this step. A nitride cap or
SiO, cap were used as a diffusion layer. Different combinations of tension of these upper films
result in a protection for out-diffusion of the dopants. Driving annealing from 550-850°C from
30sec to 5 min results in an effective increase in dopant concentration. Removal of the diffusion
layer is done with a solution of 1:5 HF: H,O. Reaching temperatures above 800°C increased the
possibility of Si/Ge interdiffusion[109]. The results were characterized through SIMS, PL and
Hall effect measurements.

As seen in Figure 60, non-uniformities after application of the SOD on large surfaces can
occur. Depending on the area, the samples emit at different intensities and wavelengths
suggesting random increases in active dopant concentration and increase in point defects. In

small areas, such as waveguides, these anomalies are not observed.

Figure 60.- Microscopy of SOD sample after annealing and removal of diffusion barrier. (A-C)
represent different points where PL was performed. (C) shows the highest PL

photoluminescence. SOD is not uniform as observed.
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SOD presents an unusual matrix that is defined by post-processing and diffusion barriers.
In Figure 61, it is seen the distribution of dopant behavior acts in a random pattern caused, most
likely by the matrix of the system and the control in the dopant layers. SOD dopants do not form
SiGe compounds. The random nature of the glass matrix makes the results random, having 1/10
chance of getting the desire result. This matter leads to small yields of the desired dopant
concentration. Nevertheless, starting with a heavily doped Ge substrate leads to higher
probability of obtaining heavy doped concentrations due to the increase in dopant diffusion,

discussed in previous sections.
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Figure 61.- Hall effect active dopant concentration measurements from SOD Ge samples under

different annealing temperature (Celsius). Random active doping of SOD matrix is observed.
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Despite the randomness of the procedure, SOD provides results agreeing with

concentration in the system and PL emission. In Figure 62, the increasing PL matches with the

increasing annealing temperature. This increase in PL emission suggests an increase of dopant

while keeping point defects constant.
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Figure 62.-PL of different annealing times and temperatures for same SOD. PL intensity has

been normalized to max emission. Under similar conditions emission peak slightly shifts to

1600nm, caused only by dopant.

Peak emission in PL remains around 1600nm, which shows an increase in doping from

BGN as explained in previous sections. High temperatures between 700-800°C enter the regime

of Ge/Si interdiffusion, which was confirmed in later measurements with SIMS analysis, as seen

in Figure 63.
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Figure 63.- Ge/Si interdiffusion on the substrate after 800°C 20min . The substrate/Ge contact
shows a heavy increase in Ge concentration that extends 200nm into the substrate.

SOD represents a powerful dopant source, but due to the SiO2 matrix, they don’t diffuse
well with materials that have not been previously doped. In Figure 64, it is observed that the
concentration of P still remains mostly in the SOD/Ge interface. The concentration near the
interfaces is ~10%cm™ but it drops rapidly through the substrate due to the slow diffusion. A
secondary source of dopant loses becomes the un-doped substrate. Dopants accumulate between
the Ge buffer and the substrate, creating a well of inactive dopants, as explained in previous

sections.
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Figure 64.- SIMS of interface accumulation of P dopants in the interfaces. Not uniform doping
throughout the Ge body is caused by the slower diffusion due to the dopant concentration.
Accumulation of the dopants in the substrate represents a secondary source of dopant loss.

A substrate with highly doped Ge (~1x10*cm™), followed by SOD deposition showed a
significant increase in the average concentration of the dopant. The SOD concentration matches
to the Hall effect measurements performed.

SOD results show that we are capable of depositing high levels of dopants into the Ge
material without adding extra defects in the upper layers. The type of barriers and treatments of
the SODs have to be tuned to optimization in order to avoid barrier sinks where the dopants will
flow in the opposite direction, instead that into the Ge.

Carbon contamination due to the organic compounds in the SOD is a major barrier for
implementation on CMOS machinery. Excess carbon can short circuit the system and

contaminate other devices in the chip making it non appropriate for electrical injection.
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Despite the nature of this compound, a consistent result was achieved getting a PL
equivalent to that of in situ dopants. The quality of the Ge was not compromised and the level of
dopants was increased, as seen in Figure 65. Implanted samples showed similar BGN but
decrease in emission which can be attributed for the increase in point defects.

The SOD diffusion source was successfully used in optically pumped Ge laser as will be

described in later chapters.
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Figure 65.- Comparison of room temperature PL spectra of n.Ge doped with 1x10"°cm™ P,
fabricated by in-situ doping, diffusion doping from spin-on dopants, and ion implantation.
(Courtesy from J.Liu)

It was demonstrated that SOD as a dopant source can increase the dopant concentration to
the dopant level required for lasing devices. The low level of defects introduced makes it a

suitable technique for doping Ge. The maximum dopant diffuse is limited by the homogeneity of

the source and the diffusion time. SOD is appropriate for final stage doping. Due to the
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contamination of carbon of this technique, it is only appropriate for optically pumped devices.

For more details in the SOD process, please refer to Appendix.

4.2.2 Implantation

Implantation is a well-known technique to increase doping concentration in Si. It is often
misunderstood that the theorized maximum concentration is the maximum active
concentration[129], assuming that every dopant in the system would act as an active donor.
Unfortunately, the information regarding the activation is mostly for surface concentration, since
there is an interest for shallow trench Ge transistors, due to the high carrier mobility [123, 130,
131] .

In Ge optical devices, any defect is a source of optical losses, reducing the overall
efficiency in light emission. The gradient of dopants in the bulk differs in the electrical design
since an optical device requires uniform doping and a shallow transistor, as its name marks it,
works under shallow highly doped trenches. Despite the differences, both devices shared
common threads as in the dopant diffusion and the defect formation.

Germanium n-type dopants usually used are P, As and Sh. The maximum concentrations
of these dopants are limited by their solid solubility, P at 2x10%%cm™[110, 132], As at 8x10*°cm
[133]and Sb at 1x10"°cm™ [134]. High doping concentrations above 5x10*°cm™, and diffusion
studies exist for ion implantation [108, 135, 136]. The trend in diffusion speeds is Dp<Das<Dsp
[113], making P the most attractive dopant due to slow diffusion and high solid solubility.
However, it has been theorized that the maximum level of in situ or implanted active doping is
~2x10"cm[115].

lon implantation is used for doping insertion in most studies, but severe dopant loss

observed during annealing [115, 123, 130] has lead toward alternatives. Coimplantation is a
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promising technique that has managed to achieve high concentrations with P+As [108] and P+Sh
[137]. Due to slow diffusion into the bulk and high out-diffusion, the active carriers remain in the
first 200nm, but the concentrations of active carriers reach 1x10?°cm™. This total concentration
does not take into account defect formation. Dopant activation depends in both level of doping
concentration and level of defects; the higher the latter, the smaller the first. Defects are also
created through implantation, creating interstitial point defects [138] that can damage the Ge
structure by adding extra optical losses or becoming dopant diffusion retardants. The latter would
be desired but it has shown to be ineffective[139] , although at high doping levels enhanced
diffusion can be considered.

Semiconductor materials at high concentrations have enhanced dopant diffusion.[140]
Nevertheless, this is the first time that high concentrations in Ge are studied for increased
doping. Previous studies focus with bulk Ge doped to high levels and observed the dopant
diffusion trend. The implanted area, due to a high level of defects, has retarded diffusion, while
the bulk Ge is non-doped avoiding any evidence of enhanced dopant diffusion. For a proper
demonstration it is necessary to start with a highly doped Germanium with small defect
concentration and a highly doped implanted area.

For our studies, standard n+Ge growth was performed, described in previous sections[2].
The samples were divided into 2 categories, Si-source and self-source.

The first, Si-source is a dopant source made of Si. LPCVD a-Si was deposited at
temperatures around 560-600C. These temperatures are high enough to cause outdiffusion of the
initial dopant concentration in the Ge. A thickness of 100nm was chosen, and the samples were

implanted with As and P.
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The second, self-source depends on implanted Ge. The samples were implanted with different
doses, as can be seen in the Table 6. The aim is to achieve average (P+As+Sb) concentration of
1 X 10%°cm™3 over 700nm range of Ge; to get (P+As+Sh) concentration > 1 x 10*°cm™3

around 200nm deep Ge from the top.

Table 6.- Implantation conditions for different single target and multiple target dopant

implantation.
# Tilt ions | Energy(keV) | Dose(cm™2) | ions | Energy(keV) | Dose(cm™2)

angle (°)
1 7 P 100 7.3 X 101° - - -
2 7 P 100 3.5 x 10> As 250 3.8 x 10%°
3 7 P 100 3.5 x 101 Sb 375 4.1 x 10%°

Assuming N(X)=peakxdosexexp[—%(%)2], and that the average carrier
P
L ) ) 7% N(x)dx )

concentration in 700nm thick Ge is: n = OT leading to a total average dopant

concentration of 1.04 x 102° cm™3 and the 200nm-deep concentration is 5.5-5.8x10"%cm™. The
implantations are designed such that the upper part of the structure is sacrificial, and the highly
crystalline Ge remains intact (Figure 66).

After implantation, samples were annealed to drive diffusion from the damage area into
the single crystal Ge. Temperature ranged 650-800°C and between 30-180 seconds. After
analysis, chemical mechanical polishing is used to remove the damage implanted zone. Removal

is important to decrease the point defects added through implantation, the poly-Ge formed and to

reduce lose mechanisms of the optical devices.
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Figure 66.- Concept to prevent damaged germanium in the final structure.
Samples were further analyzed through secondary ion mass spectroscopy (SIMS), Hall effect
and photoluminescence (PL).
Doped Si with P source on Ge was growth, following a similar approach to SOD. At high
temperatures, the diffusivity of P is matched with that of the Si, as seen in Figure 67. The
presence of grain boundaries also leads to increase diffusion from upper polySi. As we increased

the temperature or time, the interdiffusion effect increases.
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Figure 67.- Si implanted wafers. RTA for 3 min and slow annealing for 2 hrs are shown.

Theoretical simulation matches the diffusion profiles.
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Ge solid sources showed better results, since there is no Si interdiffusion, the fast
diffusion in Ge prevented long anneals; the use of the same material, avoiding extraneous
defects; and easily removed, since CMP is known for the Ge. PL results showed the increase on
active dopants.

Photoluminescence has the property to analyze no-invasively the dopant concentration.
By correlating band gap narrowing (BGN) to active doping, a relation is form [41] .This effect
can be used to tabulate the total active carrier concentration since optically active dopants are
equivalent to electrically active. More details of the calculation and theory behind BGN can be
found in Chapter 5. A simple relation between peak emission and doping shows that,

A=22x10"18n+ 1600
for high doping concentrations, where n is the doping concentration. Since the maximum doping
level was being analyzed, closed focus was given to PL measurements.

The implanted samples showed a significant shift in photoluminescence emission (PL),
shifting above 1650nm that is equivalent to the values above 3x10"%cm™ n-type dopant. As seen
in Figure 68, all the different dopants caused BGN. Nonetheless, since the samples were
implanted, the implanted zone is considered damaged, and hence, not appropriate for optical
devices due to high defect concentration.

The samples were compared to a standard sample which is doped to 1x10*cm™ [P].
(Figure 68). Change in PL intensity leads to believe that different annealing temperatures would

radically change the BGN.
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Figure 68.- 750°C 30sec anneal without CMP. Band gap shift in implanted samples is larger than
in situ material. The active dopant concentrations reach <5.5x10*°cm™. BGN relation is shown as
the parameter to relate active doping to peak shift.

The transition in BGN changes according to annealing temperature is meaningless when
observing at different annealing temperatures at the range of 650 to 800°C. The range of
temperatures was selected based on the diffusion of the dopants on Ge, and necessary energy
required to activate dopants on a-Si. Diffusivities of the different dopants at 750°C, correspond
to Dp = 8.29x107*cm?/s, Dy = 1.4269x10712cm? /s and Dg, = 4.5731x10712cm?/s. As
seen, P diffusivity is 3 orders of magnitude faster, and similar behavior was expected from the

other dopants.
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As can be seen in Figure 69 and Figure 70, BGN from As and P codoped samples
matches with expected increased in integral PL and FHWM. Even though BGN did not change
appreciably, PL intensity did. The concentrations in P and P+As are between 2 - 4x10"cm.
Although there is some outdiffusion, the nonimplanted Ge has higher diffusion rates than the
upper implanted area. The high concentration of defects on the implanted surface acts as a
diffusion retarder.
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Figure 69.-Ge implantated P PL after different annealing temperatures (°C). Max peak shift

observed at 1660nm~2.7x10"°cm active doping under 60 sec anneal.
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Figure 70.- P and As PL after different annealing temperatures and times. Peak at 1685 nm ~

3.75X10"%cm active doping under 60 sec anneal.

FHWM changes with integral PL as expected, and the higher doping concentrations show the
largest shift on FHWM, which goes in accordance with spectral width.

In the case of P+Sb samples, it is seen that the differences in total peak emission changed
AN=20nm, as seen in Figure 71. This 20nm in the range of 1700 are equivalent to over
An>5x10"cm?, which is significant for Ge emitting devices. In all cases, the dopant
concentration was increased above the in situ doping concentration ~ 1x10*°cm™. The defect

concentration was also reduced by increasing the temperature during anneals, but higher

temperatures represent, additionally, larger outdiffusion.
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Figure 71.-P and Sb coimplantation PL after different annealing temperatures and times. Peak at
1714nm ~5.4x10"cm™ under 60 sec anneal

It was considered that the peak emission did not change significantly, but that the damaged
area of the samples would affect the overall efficiency as a light emitter. Consequently, the
samples were treated with CMP to reduce the damaged area and flatten the surface for electrical
injection. As can be seen in Figure 72 and Figure 73, there is a discrepancy in BGN after CMP
according to the type of dopant. The discrepancy is expected since not all dopants were supposed

to diffuse through, as the nature of each dopant having a different diffusion rate.
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Figure 72.- P implantation sample pre- and post- CMP. Small transition is observed

P only doped samples showed a relative low change, with total concentration varying by
less than 5x10*®cm™. Assuming that the level of doping concentration is the main reason for the
small shift, a similar result was expected in the coimplanted samples. According to the activation
obtained in previous work [108], the level is superior since it reaches levels around 4.5x10*cm
active doping.

Coimplanted samples (Figure 73) did not show the small change but rather concentration
changes around 2x10"%cm™. The difference in doping level cannot be attributed to the level of
doping or annealing temperatures, since they were treated all at 700C for 180 seconds. Hence,
the change in BGN is assumed to be caused due to the dopant type. It is noteworthy to state that
the level of active doping is higher than was expected theoretically[115]. Coimplanted samples

do not seem to benefit from CMP but rather loss a high amount of material. Using two donor

types retards the diffusion of the dopants, resulting in lower doping concentration after CMP.
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Figure 73.- P and Sb coimplantation sample pre- and post- CMP. Difference in emission is due to
slow diffusion of the dopants, causing nonuniform redistribution. Similar is observed in P and As
coimplantation.

The decrease in emission suggests not complete redistribution of the dopants. From
diffusion equation with known diffusivities, it is seen that the maximum diffusion permitted is
150nm. To confirm such behavior, SIMS analysis was performed.

When looking at the total dopants in P+As implantations through SIMS, we see that the
As does not diffuse thoroughly (Figure 74), and seems to retard the P outdiffusion, agreeing with
our theory. However, increased in doping level above 6x10'°cm™ in the body of intrinsic growth
Ge, shows a steep increase in the diffusion rate for P. Arsenic is absorbed by the oxide diffusion
barrier suggesting diffusivity smaller than known. The steep increase in dopant concentration in
depth through Ge, and the clear PL proof enhanced dopant diffusion in Ge. The total doping
concentration is larger than observed through PL or Hall effect suggesting that more than half of
the dopants are inactive. Since the dopants do not uniformly distributed, most of the dopants will

be removed with CMP, as was observed in PL measurements.
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Figure 74.- SIMS analysis of P and As sample (a) before annealing, (b) after annealing at 700 C
for 3min.

Difference in diffusion speeds is possibly related to the mechanism of diffusion. It is
thought that P diffuses through substitutional and interstitial diffusion, permitting higher speeds
that its counterparts. As on the other hand only diffuses through substitutional diffusion.

The difference between the total concentration levels obtained in As, P and Sb are related
by how much of the lattice remains damaged and the nature of each dopant. Further research is
needed to understand the mechanisms for retardation, rejection and enhanced diffusion.

In this section it is demonstrated that the implantation technique can be used with the

damaged source approach. . The steep increase in doping concentration makes this material a

potential candidate for light emitters.

4.3 Delta Doping [141]

The approach succeeded in achieving doping concentrations up to 4.2x10"°cm™ and a theoretical

limit based on the solid solubility. Delta doping samples were used for all our PL and EL
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experiments due to the large variety of dopants, the reliability of the process and the low addition
of point defects

Crystalline quality of the Ge affects absorption and recombination paths for carriers and photons
in a light emitter. When using ultra high vacuum chemical vapor deposition (UHV-CVD) to
grow Ge epi-layers, n-type doping during growth is concentration limited [27] in order to
maintain low defect densities. The maximum theoretically expected active dopant concentration
for UHV-CVD n-type Ge is 2x10™cm™ [115] and experimentally a phosphorus (P) doping
concentration of 1.2x10*cm™ was demonstrated [25]. CVD in-situ doping concentrations are
limited by a delicate balance between P out-diffusion and Ge growth temperature for high quality
films. We presented delta doping which could overcome the limitations of CVD, while using the
same CMOS tools and steps.

Delta doping has been used in compound semiconductors[142, 143], Si[144], and MBE
grown Ge [145, 146] to significantly increase doping levels locally. Scappucci et al. [145, 146]
showed that delta doping was possible through low temperature deposition of Ge. Here we
present a similar process to increase the P-doping concentration in Ge to above 4 x10*cm3,
while retaining single crystallinity and utilizing a CMQOS process. In order to reach high doping
levels we utilized dopant enhanced diffusion of P in already P-doped Ge films. The enhanced
diffusivity is necessary to limit P out-diffusion while increasing the P concentration in the active
device area. A detailed description of the diffusion mechanism can be found elsewhere [125].
We achieved a growth process that yields P concentrations in Ge in the mid 10'%cm .

Ge films were grown epitaxially on bulk silicon substrates with (100) orientation by UHV-
CVD. Here we use the same growth process as has been described previously[25, 77] . The films

were deposited in a two-step process beginning with a low-temperature deposition of a thin, but
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highly defective Ge buffer epitaxy layer. On top of the buffer layer, a high-temperature (650°C)
growth of P doped Ge creates a thick layer of high quality crystalline n* Ge with an activated P
concentration of up to 1.2 x 10™ cm™ [125]. To retain the high quality n*Ge layer, a higher
concentration P diffusion source is deposited on top of this active device layer. Since higher than
1.2x10"cm™ doping levels of P cannot be achieved with in-situ doping of Ge using UHV-CVD,
a new growth process was developed that would increase the activated P doping level without
introducing additional defects in the active device layer. The dopant source can be created by
introducing mono-layers of P on Ge (delta layers). P adheres to Ge at low temperatures without
growing epitaxially. Due to the accommodation coefficient of Ge-P, only mono-atomic P delta
layers are allowed on the Ge surface.

The dopant source concentration depends on the amount of deposited layers. A single
monolayer surface concentration of ~5x10*cm™ is equivalent to ~1x10cm™ P if fully
incorporated into a 500nm layer. The process demonstrated here shows a multilayer structure
with an expected concentration of ~4x10*cm™. During deposition of the monolayers, or delta
layers, surfactant poisoning effect is observed on the Ge surface stemming from P, decreasing
the growth rate of any subsequent Ge layer[147]. This effect has been observed before in Si and
Si:Ge alloys [27]. Ge atoms cannot interchange the positions taken by P on the Ge surface,
leading to growth stop. A schematic of the complete growth process is illustrated in Fig. 1 where
the dopant reservoir depicts several P delta layers.

Intrinsic undoped Ge growth rate is higher than P-doped Ge growth rate and its slower P
diffusion rate in Ge retains the P delta layers. Hence, the P delta layers are encapsulated by
intrinsic undoped Ge to form a P diffusion source for the active device layer. The delta doped

source layer exhibits a higher P diffusivity compared to undoped Ge due to dopant enhanced
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diffusion[125] caused by the high P concentration. The delta doped Ge-P layers act as dopant
source, not affecting the crystallinity or defect concentration of the active device layer of high
temperature growth crystalline Ge.

The multilayer structure is fabricated from a series of 4 alternating layers of undoped Ge and
P deposited at 400°C and 450°C, respectively, so as to obtain P concentrations close to
5x10*cm™. A schematic of this process is shown in Figure 75 , comparing P concentration

desired on each layer.
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Figure 75.- Schematic of grown layers. The dopant reservoir are alternating layers of Ge and P.

Dopant concentration in Ge increases dramatically in the dopant reservoir without being linear

due to slow diffusion into the intrinsic undoped Ge used in the layers.

Although the P concentration in the Ge film is significantly increased using this modified
growth process, Hall Effect measurements on as-grown samples, presented in the following
section, suggest that the P dopants are not fully activated. Similarly, photoluminescence (PL)
measurements show that the direct bandgap Ge light emission from these samples, absent further
processing, is less efficient than that from reference samples without P delta doping. Therefore,
low PL from delta doped samples indicates that thermal treatment after deposition can activate
the dopants.
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The samples were thermally annealed under Nitrogen flow by rapid thermal annealing (RTA)
using an AG Associates Heatpulse 410. The temperature ranged from 550 to 800°C with
annealing times in the range of 30 to 300 seconds. In order to prevent dopant out-diffusion and
oxidation, a thin 100nm SiO; was deposited by plasma enhanced chemical vapor deposition (PE-
CVD) using an Applied Materials Centura 5300 DCVD system.

Surface morphology changes with growth process and annealing times were observed. Figure
76a and b show Ge films grown using a standard in-situ P doped epi-growth [77] and a delta
doped growth. The doping concentration of the delta doped films varies, ranging from 2 to
4.5x10"cm™. Comparing these results with standard epi-growth shows a significant increase in
roughness after delta doping due to the arrest in epitaxial growth in the delta doped growth.
Nevertheless, the roughness does not change the active carrier concentration but only increases

the light scattering at the surface, as can be seen in PL intensity measurements.

Bt

Figure 76.- SEM images of (a) in-situ doped Ge and (b) delta doped Ge grown with source
grown at 400C. Notice difference in surface roughness which indicates the arrest of epitaxial
growth.

Surface roughness of 35-50nm root-mean-square (RMS) is measured in all samples after

delta-doping. In comparison, an atomically flat Ge surface has a roughness of ~5nm RMS.
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Annealing conditions above 600°C will decrease the surface roughness. As seen in Figure 77, the
RMS does not change dramatically over different dimensions or times, but temperature decreases
in higher magnitude the surface roughness. However, in order to obtain atomically flat surfaces

the required temperatures are close to the melting point of Ge. Such high temperatures would

have an adverse effect in the dopant concentration.

Figure 77.- AFM measurements showing the progression in roughness with different annealing
temperatures. (a) waveguide anneal at 600°C for 2min RMS of 38nm, (b) film anneal at 600°C
for 30sec RMS of 42nm, (c) film anneal at 600°C for 60sec RMS of 37nm, and (d) film anneal at
700°C for 30 sec RMS of 35nm.

XRD measurements confirmed that all the samples are strained 0.2-0.3% and that the

heavy doping does not contribute to release or increase the strain. As seen in Figure 78, the
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different peak shapes FWHM show that the upper layer (delta zone) is highly defective and most

likely poly. CMP procedure after annealing can remove this layer and make it atomically flat.
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Figure 78.- XRD of Ge doped samples. All samples indicate an average 0.2-0.3% strain. The
difference in shapes strives from the upper layer of defective Ge; broadening the X-ray emission.

TEM measurements confirmed that the layer is highly defective, as seen in Figure 79. It
shows heavy amount of dislocations through the device. The average dislocation density of a
delta is above 10°cm™, which is of the same order as the buffer layer. The core of the n+Ge tends
to be in mid 10%cm™. Annealing these samples for longer period would represent and increment
of the dopant loses, even though it could remove the high dislocation density. A secondary
problem is the gliding of the dislocation into the low dislocated area. This problem was
unforeseen due to the quick annealing times during RTA, but it shows a clear trend of increase.

The core of most Ge samples is <10%cm™, as seen previously, but the area close to the delta
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growth shows a significant increase. This is suggested to be due to gliding of the heavy

dislocated neighbor.

Silicon n*t+

Substrate

Figure 79.- TEM measurements of different sections of a delta sample after annealed at 700°C
for 30sec. (a) shows the buffer with a dislocation density >10%m™, (b) shows the delta layer with
dislocation density around 2x10%cm™.

In order to evaluate if the active P doping can be increased in the high quality Ge film
secondary ion mass spectrometry (SIMS) was used to determine the total P concentration in the
Ge films and Hall Effect measurements were used to determine the activated P concentration.
SIMS profiles for delta doping at 360, 400 and 450°C are shown in Figure 80. The total P
concentration in the delta doped region is above the predicted maximum P concentration [115]

and is significantly higher than in-situ doped, UHVCVD grown Ge. Adhesion of P increases as
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temperature decreases obtaining largest P accumulation at 360°C. The figure also shows that P
diffusion already occurs at the growth temperature. At 450°C, P has diffused from the delta layer
further into the in-situ doped Ge region than at 400°C, obtaining a uniform P concentration
dopant source. The SIMS profiles furthermore highlight the dopant accumulation at the Ge-Si
interface at the bottom of the Ge layer. Due to the growth process, the initial 60nm thick Ge
buffer layer is highly dislocated, providing a sink for fast diffusing dopant atoms. The average
active carrier concentrations for the 400°C and 450°C growths were determined by Hall Effect
measurements to be 1.5x10"cm™ and 1.8x10"°cm™, respectively. The discrepancy between
active carrier concentration and total dopant concentration clearly shows that defects limit the
dopant activation. It confirms as well that with lower temperatures, the addition of P on Ge is

intensified.
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Figure 80.- SIMS profiles of as-grown P delta doped Ge, with P deltas grown at (a) 400°C , (b)
450°C and (c) 360°C. Dopant diffusion from delta source increases the concentration of P in the

underlying high temperature Ge region.
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An example for the P redistribution due to annealing is shown in Fig. 4 SIMS results. A
400°C delta doped Ge films were annealed at 600°C for 30 and 60 seconds, and 700°C for 30
seconds. A fairly even distribution of P in the in-situ doped Ge region due to P out-diffusion
from the delta doped range can be observed. The average P concentration in the in-situ doped
region is about 4x10°cm™ after 30sec at 700°C annealing. Annealing improves the P
concentration by at least a factor of 3 as seen in Figure 81 Since P is diffused into Ge of high

crystalline quality, it is expected that the in-diffused P is completely activated.
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Figure 81.- SIMS profiles of dopant redistribution from delta doped Ge grown at 400°C. The
diffusion of the dopant is time and temperature dependent, becoming more uniform at higher
temperatures but limited by outdiffusion at longer times.

It is observed that the active carrier concentration increases with annealing, however, the
active carrier concentration typically increases up to a certain annealing temperature and then
decreases. Agglomeration of dopants on the Si interface due to misfit dislocations and the lower
dopant concentration on the Ge surface after extended anneals prove that out-diffusion is the

mechanism for dopant lose. This leads to each temperature having an optimal time for
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maximizing active carrier concentration, preventing out-diffusion loses. The PL intensity
increases as the active carrier concentration achieves the maximum capable per annealing
temperature and time. Since Hall Effect measures the integrated carrier concentration of the delta
doped region as well as the in-situ doped region, it is very difficult to determine the optimal
annealing conditions from these data.

It was therefore important to find an additional indicator of the quality and active doping
level of the Ge films. It was found that band gap narrowing in Ge correlates to the active n-type
doping. As the active doping level increases the direct band gap of Ge narrows, which is
observable in PL measurements. More details can be found in Camacho-Aguilera et al [148]. An
example of the highest PL intensities and the accompanying shifts is shown in Table 7. The
emission intensities are not normalized for Ge thickness. It is obvious that the samples with the
largest red-shift show the highest PL intensity. PL intensity depends heavily on dopant
concentration and crystal quality[147]. At low annealing temperatures, the dopant concentration
is high while the PL intensity is low. One possible explanation of this effect is that annealing at

high temperatures reduces defects, resulting in lower loses from the Ge crystal matrix.

Table 7.- Photoluminescence at RT of delta doped Ge samples under different RTA conditions

Anneal (°C) no 600 700 standard
anneal epi-Ge

Time (sec) - 30 60 30 60 -

E’rfr?]'; emissSion 1640 1659 1662 1642 1650 1603

Hall effect active

carer 19 38 43 4.2 3.4 1.1

concentration

(x10%cm™)

PL integrated

Intensity (a.u. 0.742 204 173 1.5 1.3 1.18

x107%)
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As seen in

Table 7, PL decreases with increasing annealing time even though the active carrier
concentration increases, suggesting that doping decreases with increasing annealing times. Out-
diffusion is the mechanism governing the PL intensity loss at longer annealing times. However,
the active carrier concentration does not increase past a certain value that is given by the solid
solubility. Olesinski et al.[110]determined that the solid solubility of P in Ge at 775°C is
8x10*cm™. Fig. 5 shows the maximum active carrier concentration that was found for different
temperatures and annealing times and compares the concentrations to the solid solubility of P in
Ge. As can be seen from Figure 82, P reaches near solid solubility at temperatures below 550°C.
Above 550°C, the maximum active carrier concentration is always smaller that the solid
solubility of P, decreasing above 600°C despite the increase of the solid solubility. The disparity
is caused by the competition of P dopant loss due to out-diffusion and defect annealed, which
permits active dopants. P incorporation is also limited by the diffusion source, which contained
~4x10"cm™. Maximum dopant activation was almost reached for the quantity available in the
delta doped source. Hence, short annealing times at higher temperatures, coupled with an
effective diffusion barrier and a higher doped diffusion source, are expected to yield better P

incorporation overcoming dopant loss.
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Figure 82.- Comparison of P solid solubility[110] in Ge and observed maximum active carrier
concentration of delta doping at different temperatures.

The increase in dopant concentration is made possible by a dopant source with
concentrations of >2x10*°cm™ and enhanced dopant diffusion [125]. The diffusion source can be
removed from the active device layer through chemical mechanical polishing (CMP) for use in
active light emitting devices [22].

Fully incorporated multi-layered delta doping provides a high chemical activity source for
achieving active carrier concentrations above 4x10%cm™. The main mechanism limiting the
maximum carrier concentration is the out-diffusion of the dopants. The multi-layered dopant
diffusion source is a critical element of the diffusion design to solve the main issues in high
dopant concentrations in Ge, while sustaining a low defect concentration. At higher dopant
concentrations this trend might change.

Selective growth of the delta doped Ge grown films makes them a suitable candidate for

CMOS compatible Ge diode lasers.
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In this chapter we have demonstrated:
e High doping enhanced diffusion in Ge for used in secondary dopant diffusion
e Three methods of doping through extrinsic or intrinsic sources
e The limitations of SOD due to Si and SiO; diffusion of dopants
e The potential of implanted Ge for devices after anneal and CMP is performed
e Delta-doping >4x10**cm™ without the introduction of external defects
e The main limitations for any method are : solubility of the dopants, diffusion of the dopants
on extrinsic or intrinsic sources, source concentration of dopants, and Si-Ge interdiffusion
Delta-doping was selected for the use of the highly doped devices due to the low insertion of
defects and uniformity of the doping achieved. The following chapters will covered the results of

such highly doped samples.
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Chapter 5. Bandgap Modifiers

Germanium band structure has been studied since the advent of semiconductors. Data has been
collected about Ge electrical and optical properties at a variety of temperatures. The vast
amount of information has focused on its properties under low doping, or heavy doping at low
temperatures [149-155]. This has led to understanding openings on Ge band gap on the level of
interested for lasers. On Ge devices, as it has been mentioned, the need of room temperature
operation to high temperatures (300K- 500K), heavy doping and high injection of carriers are
expected. The combination of these events causes a series of band gap changes and multi-body
carrier interactions. As shown in Figure 83, Ge bandgap effects can be summarized into
temperature dependent and carrier dependent. Each of these effects is considered as bandgap
modifiers, and change the Ge laser behavior, ergo, altering efficiency predictions. In this
chapter, we will overview heavy doping effect on BGN under desired gain spectrum; and
temperature effect on electron-phonon intervalley interactions under operation temperatures.

AE(0) AE(T) AE(n)=AE_, _+AE

Ren BGN

(a) (b) (c)
Figure 83.- Schematic representing doped strained Ge band structure under (a) no effects, (b)

temperature increase, and (c) renormalization (BGR) and bandgap narrowing (BGN)
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5.1 Band Gap Narrowing [156]

Tensile strained n* doped Germanium shows promise as a light emitting material for fully
integrated silicon photonic applications. The combination of modest tensile strain and n-type
doping makes epitaxial Ge-on-Si a pseudo-direct band gap emitter, but the emission efficiency
for electrically pumped devices is projected to be practical only if doping levels greater than mid
10" cm™ can be achieved [24, 30, 56]. Furthermore, the incorporation of dopants must not
introduce defects into the Ge crystal structure, since these significantly reduce emission
efficiency [50, 51]. Unfortunately, implantation techniques, which can raise the dopant
concentration, generally introduce defects. Therefore, the total dopant concentration does not
equal the total active dopant concentration [30, 41, 115].

The most common process for determining dopant concentrations is secondary ion mass
spectroscopy (SIMS). However, SIMS is disadvantageous because active dopant concentrations
cannot be determined. Furthermore, this technique is destructive as material is removed during
the measurement. Other techniques such as Hall Effect measurement, which can determine an
average concentration of dopants, are limited by the sample size needed. It is proposed in this
section a technique using photoluminescence (PL) to determine average active doping based on
band gap narrowing (BGN).

A shift in absorbed or emitted wavelength due to doping is known as BGN and
has been observed in many semiconductor materials. BGN has also been observed in unstrained
Ge [157-160] through infrared absorption measurements. Tensile stressed Ge-on-Si has been
known to emit at ~1550nm at dopant concentration up to 1x10**cm™ with unidentifiable changes

in the peak emission wavelength [24, 30, 48]. Under degenerate doping, n > 1x10"°cm™, a clear
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shift in emission wavelength is observed [161]. The effect of BGN should not be confused with
band gap renormalization (BGR).

BGR is analogous to BGN, as it will shrink the band gaps as carriers are injected,
obtaining a similar behavior to BGN. Moreover, BGR is usually compared to potential screening
where AE o N/3_ in accordance to heavy doped materials [162, 163]. BGR evidence suggests
that, in Ge, BGR will follow similar trend as BGN as will be seen in Chapter 6.

Burstein-Moss (BM) shift is another effect occurring on degenerate semiconductors. BM

translates into a blue shift on the band emission. BM has a dependence of n?*

, and is overcome
by the BGN effect under low injections. A summary of these effects can be seen in Figure 84.

E(0)

(a) (b) (c)

Figure 84.- Schematic showing the differences between Ge doped under (a) no effect, (b)

Burstein-Moss shift, and (c) BGN shift.

A present BGN model presented by Jain et al. [41, 45] assumes a bandgap shrinkage due
to carrier concentration in the L valley and temperatures <77K. The expression for Ge does not
include strain, which also narrows the band gap, hence, shifting the PL emission peak.
Furthermost, the present model fails to address high doping level band gap emission shift at high

temperatures and direct band gap shift.
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Here, it is presented a study on BGN at 300K for Phosphorus-doping concentrations of
5x10'® cm™ to 4.5x 10" cm™ in Ge. Our observations utilize BGN to determine effective active
carrier concentrations. Comparison with present’s BGN preliminary results showed that the
previous theory is only appropriate for low temperatures (< 77K) and for the indirect L band gap
BGN effect in Ge.

Germanium films were grown epitaxially on bulk silicon substrates with (100) orientation
by ultra-high vacuum chemical vapor deposition (UHVCVD). Details of the deposition process
have been described previously [30, 125, 164]. Ge films were deposited in a two-step process,
beginning with a low-temperature deposition of a thin but highly defective Ge buffer epitaxial
layer. This buffer layer relaxes the strain induced by lattice mismatch of 4.2% between Si and Ge
at the substrate interface and serves as a sink for dislocations. On top of the buffer layer, a high-
temperature co-deposition of Ge and P creates a thick layer of high quality crystalline n* Ge with
a carrier concentration of 1 x 10'° cm™. Then, delta doped Ge layers are deposited. They consist
of monolayers of P encapsulated by intrinsic Ge [164]. The upper cladding of the material is
provided by a PECVD SiO; layer. P is diffused into the n* Ge film by rapid thermal anneal
(RTA). The oxide layer acts as a diffusion barrier. Details of the P diffusion can be found in
[125]. The Ge threading dislocation density is ~3x10® cm™ from TEM measurements, and the
point defect is assumed ~10” cm™ from the law of mass action.

Blanket films and waveguides were made and compared in x-ray diffraction (XRD) and
PL. The different dopant concentrations were analyzed using Hall Effect and PL measurements.
A Horiba MicroPL system with a 1064nm laser and an EOS InGaAs IGAL.9 photodetector were

used at RT to measure the photoluminescence spectra of the Ge samples.
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Samples with P concentrations ranging from 5x10 to 4.5x10™ cm™ were studied. XRD
measurements showed that both blanket films and waveguides have similar tensile strain of
~0.25%

It has been shown, that an increase in PL intensity in Ge is equivalent to higher active
carrier concentrations in Ge while retaining low defect concentration [20, 41]. The total
integrated emission also increases, showing low defect density in Ge and that the dopants are
contributing to emission. In addition to such increase of PL intensity, we also observe a redshift
of the peak wavelength for the direct band gap emission with higher doping concentration, as
seen in Figure 85. The emission is from the band-edge of direct gap from the I" valley. Hence, the
PL peak emission is equivalent to the energy gap, Er. The wavelength shift indicates BGN of the
Ge T valley transition. Although change of strain may also result in a shift of the bandgap, cross-
analysis with XRD shows that even at these high doping levels, dopants are not sufficient to
relax the lattice strain. We therefore consider a model only based on carrier interactions to
explain such BGN effects. BGN also provides a simple, non-destructive measurement to
determine doping concentrations of samples smaller than permitted for standard methods. Since
the Fermi level is still below the T valley, Boltzmann distribution is used to interpret the
emission spectrum. The energy of the peak emission is kT/2 higher than the direct bandgap. The
band gap without BGN is calculated by adding kT/2 to the energy difference between valence
band and I'. The difference between the peak emission and the base band provides the BGN in

the T valley.
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Figure 85.- PL intensity for heavily n-type doped Ge. BGN shift in emission compares to doping

concentration of samples analyzed. Arrows show peak shift from the different doping

concentrations, red shifting with increasing active dopant.

Haas presented his observation of direct BGN of Ge by analyzing the absorption

spectrum [45]. This method takes into account recombination of carriers from valence band to L

valley band edge. Both absorption and emission mechanisms show equivalent results for I' valley

at 300K, as shown in Figure 86. Our data fit Hass’s 300K data [13] and suggests a lower limit for

BGN, as will be discussed. The extensive experiments in this work show a linear dependence of

I'-point band gap shrinkage with heavy n-doping.

146



100 T T I I I I I T

S L Theor. BGN [7] |
— —TI Theor. BGN
sl O LBGN 300K [14] ]
O T BGN 300K [14] )
' T BGN Exp 300K
70 | ) i
Linear Fit o

BGN (meV)

10K" 0.22m, 0.84 4 11.2 126 154
[]' | | | [ | I | I |

05 1 1.5 2 25 3 35 4 45 5

Dopant Concentration (cma) x 10"

Figure 86.- Experimental observations of BGN as a function of n-type doping concentrations at
300K. A linear relationship is observed. The data falls between Jain’s theory (L band) and
equation 4 of this work for the minimum change (I' band).Table shows parameters used for

equation 3 and 4.

From first principles, theoretical treatment of the experiments in this work may need to
consider two distinguishing features: i) the experiments are at 300K, and ii) the system is tensile
strained Ge where the quasi-Fermi levels at the L- and I'- minima overlap in energy.

This approach might be generalized for Ge according to equation,

E4(Np = 0) —E4 = Eggy + AggyNp(cm™)
where Np is the dopant concentration, Eggn IS BGN turn-on offset energy reduction (intercept of

the linear relationship at Np=0); and Agcn is the BGN coupling parameter (slope of the linear
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dependence of Eg reduction with Np). The data of this work yield the parameters:
Eson=0.013eV and Agen=10"eV/cm™,

It is proposed that the linear dependence can be regarded as the dominant first order term
of a BGN phenomenological model. This linear dependence can be evidence of the effect of an
impurity band created under heavy doping [165]. The linear fit, therefore, can be used to predict
with reasonable accuracy the spontaneous emission wavelength of doped Ge and to measure
through such emission, the doping level of the Ge.

FHWM shows a linear trend fits with the narrowing. As the band narrows, FWHM
should increase in a linear fashion from intensity calculations. The calculation should match

with BGN, and it does as shown in Figure 87.
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Figure 87.- FWHM comparison with Peak energy . The linear fitting just shows that there’s an

increase in FHWM with shift in BGN.

A calculation of the FHWM to doping concentration shows same linear dependency, as

seen in Figure 88. It shows that the exchange in between bands is justified. The dopant
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contribution is isotropic, hence, it affects the conduction bands equally. At the degenerate level,

the effect is clearly observed as an emission of only the I" band.
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Figure 88.- FHWM comparison to doping concentration.

This functional dependence contrasts with predictions of the Jain model[41] for the L-
point and of the simplified lower-limit model further discussed in this work. However, the
experimental values of all observations fall between the predictions of the two models.

The present model for BGN assumes a static lattice model under temperatures <77K. It
has four components [41]:

AE; = AEy + AEcor(min) + (AEinaj) + AEigmin))

In n-type semiconductors, the exchange interaction, AE,, is defined by the electron
interactions in the different sub-bands, which is described by Hartree-Fock potentials [166]. The
shift of the holes is considered in the electron-hole correlation energy, AE ., (min); and the shift

of electrons (maj) and holes (min) due to carrier impurity interactions is represented by,
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AEimp=AE;(maj) + AEijminy- If the shift of the L valley is considered, the equation has the

following form [41],

AE A 6 0.95 Rmi 1.57
0= 1832+ |5+ -] 15
R N Ts s R I Nprg

where Ny is the number of interacting sub-bands, A is the correction factor due to anisotropy in
the conduction band; R is the effective Rydberg energy for both majority (R) and minority
carriers (Rmin); and rs is an dimensionless unit from the half average distance between
impurities, r,, under the effective Bohr radius, a. After substituting the appropriate values, L-
band fit is observed.

In the classic low-temperature model, inter-valley interaction is limited and electrons can
only have exchange and scattering effects within their own sub-valley. Such effect in the L

valleys is much larger than that for the I valley, reducing AE, and AE;m,j) for I'. Thus for I only
the correlation energy AE o, min) @nd the impurities interaction of valence band AE; iy, are left
in the equation. Since AE oy (min) @and AE;min)reflect only changes on the energy of states in the

valence band, the same values can be used for L and I'. The equation becomes,

1 1
AEr = 8.15 (55 )" +2.03 (55 )
This equation expresses the unique contribution of carrier concentration to the shrinkage of the
band gap at I point in Ge. This expression should be regarded as the minimum band gap
shrinkage because carrier redistribution due to higher temperatures will further reduce the band
gap. As seen in Figure 2, the AE} prediction is undervalued at 300K.
At 300K an increase of doping concentration clearly narrows the band gap, and the

energy reduction follows a linear relationship with doping. It is significant to observe that Hass’s

data [45] for both L and I' BGN, and our data follow the same linear relationship at 300K, as
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seen from Figure 86. In this context, similar BGN effects observed by Hass for the I'-point and
L-point conflicts with Pankove’s k-space, modified theory [44]. One possible reason is that
more electrons will go into the T valley at high doping and that temperature may generate a
larger exchange interaction, AE,. Another possible reason is the effect of impurity band
formation at high doping. An impurity band would enhance the interaction between electrons in
L and I valleys, weaken momentum conservation, and may average the energy shift in different
valleys. Thermal energy can also increase interaction between I' and L valleys by providing
energy for intervalley scattering transitions [165].

From PL results, the peak emission shift will be equivalent to the active dopants, ergo,
free carriers. By using Equation 1, we can determine the active dopant concentration by analysis
of the PL spectrum, and vice versa. Within the tensile strain values studied in our Ge films of 0-
0.3%, we find no evidence that the degree of doping induced BGN is modified by strain.

This work shows that BGN measured from a PL spectrum can be used as a
nondestructive technique to determine active carrier concentrations in heavily doped Ge. This

technique could be extended to other semiconductors with similar behavior.

5.1.2 Conclusions

In summary, it was measured a significant red-shifts in the photoluminescence spectra of
degenerately n-doped, tensile strained Ge. The red-shift exhibits a linear dependence on doping
level that we have interpreted as band gap narrowing, BGN. This linear dependence is
interpreted as an impurity band dependence. It is proposed a first order phenomenological model
for BGN based on two parameters whose values for Ge are Eggn = 0.013eV and Agen = 1072

eV/em™. BGN can be a powerful non-destructive method for determining the total active dopant
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concentration in Ge-on-Si devices. This method was used to non-invasively determine the dopant

concentration of Ge laser devices.

5.2 Temperature effect

Temperature effects deal with lattice expansion and multi-body interactions between electrons,
holes, photons and phonons. In Ge, and any semiconductor, bandgap energy is dependent on
temperature due to: thermal expansion and renormalization of band energies by multi-body
interactions (Figure 89). In Group I11-V semiconductor lasers degrade emission efficiencies
with temperature. As temperature increases non-radiative recombinations, such as Auger,
increase. This effect in Ge results on contributions of indirect bands to Ge light emission, as
was demonstrated with CCCH Auger indirect recombination. Moreover, the low energy
difference between conduction bands permits for thermalization of carriers through intervalley
interactions.

Band-to-band transitions from L to valence band have been the major focus, as low
temperature effects, dividing the areas of interest into: Debye-Walter [150] terms for
intravalley interactions between carriers; and Bose-Einstein statics regime, where carrier-
carrier/phonon-carrier states interact as well intervalley. The latter usually treats with
temperatures above to 300 K and ignores the high temperature regimes, and it is the main point
of interest for Ge laser devices. This section will cover such interactions and review the high

temperature regime and what are the implications in highly doped strained Ge on Si.
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Figure 89.- Schematic of temperature effects shown as (a) lattice expansion described by
Varshni, equation, and (b) multi-body interactions resulting on intravalley and intervalley carrier

interactions.

The purpose of this section is to show the presence of intervalley scattering caused by
electron-phonon/electron-electron interaction. First, we cover the band shape and shift expected
at low temperatures, and its effects on emission. Then, band shift according to previous theories
is discussed as portraying the complications to perform similar analysis with Ge. Conduction
bands contribution to direct emission is then discussed in terms of carrier density and
thermalization, as cause of intervalley scattering. Finally, it is shown how the scattering can
provide further occupation of carriers on higher energy gaps, such as the direct gap I' under

high temperatures under different doping concentrations in Ge.

5.2.1 Band gap Shift

The effects of temperature on carriers require understanding their nature in the shape formation
during PL emission. To calculate the shape of any band-to-band PL spectra, a direct bandgap

semiconductor with gap Eq is used. In Ge, Eq is the energy gap between the heavy holes
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Er_yn, = 0.7795, and for the light holes Er_j, = 0.7607 [30]. Combining Ey in the joint

density of states D,

1 3
ZE‘ME
D= aps B~ E)'V?

and using the quasi-equilibrium distribution functions for electrons and holes, f. and f,, we can
come with a solution to the shape of PL. Under low excitation f, and fi, can be approximated to
Boltzmann distribution « exp[— :—T] [167]. Substituting into the emission rate of transition, it

becomes,

hv — Eg
kT

1
Ip, (hv) « n?(hv — E,;)?exp[—

where hv is the emitted photon energy, and n is the carrier density. As seen in figure Figure 90,
the Ge PL emission follows normal Gaussian shape as other semiconductors. Ge PL has
contributions from both direct band gap I" and indirect band gap L. Total FWHM of Ge PL has
to be considered as the sum of Ih and hh interacting with T', and each changing differently with
temperature.

Even though occupation of electrons is higher in L band, due to indirect recombination,
the mechanism lifetime is longer than the direct recombination. The longer lifetime leads to
smaller emission, as the radiative recombination has a relation of 1/t. PL agrees with T having
larger emission, hence, shorter lifetime. Studies on band-edge emission in Ge will differ from

absorption experiments under different temperatures, as will be shown.
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Figure 90.- Ge waveguide PL showing the shape of Ge emission at 300K.

The temperature dependence on the shape of emission is important since in
semiconductors the temperature on chip remains ~ 60°C [168] and locally up to 150°C. These
high temperatures are not suitable for group I11-V materials light emitters. Lattice and phonon
scattering increase with temperature, increasing non-radiative recombinations. Ge increases in
PL intensity with higher temperatures due to its unusual band gap energy structure.

Shifts on band gap energy have been studied on the indirect bap L, and empirical
models have been developed, such as Varshni relation[153]

AE = aT?/(T + B)
where a [eV/K]and S [K] are fitting parameters which in Ge intrinsic L-valley are 4.774x10
%eV/K and 235 K, respectively. This expression relates Debye temperature from g8, and the
lattice bond energy from a. Varshni relation is weak at low-temperatures, and heavy doping;
furthermore, it has been calculated through absorption only to L valley. The direct band I" has

not been calculated and electron-phonon interactions have been ignored. At high temperatures
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electron-phonon and electron-electron interactions need to be considered. A relation describing

the interactions for any semiconductors is described by

<hv>)_1]

AE =S < hv > [coth< kT

where S is a dimensionless coupling constant, and <hv>is an average phonon energy. This
method describes more accurately describes the intravalley interactions between carrier-carrier
interactions. Under any of these two formulas, an increase on temperature increases the band
gap until saturation. Only in Ge BGN is accompanied by increase PL; other semiconductors
non-radiative recombinations increase faster than the increase dependence with temperature.
Since absorption is also temperature dependent, the mechanisms behind it rule the behavior of
emission rate in most semiconductors.

Temperature increase changes as well the tensile strain on the Ge films. As grown, the
Ge films possess an average biaxial strain of ~0.25%. This strain is reduced as the substrate
temperature increases, as seen in Figure 91. The change in strain modifies the energy band gap
in ', changing the emission photon wavelength. The reduction of biaxial strain with increasing
temperature will shift the emission to shorter wavelengths. The theoretical blue shift under a
change of 200°C is of 25nm. Other effects counterbalance this blue shift, as will be shown.

As temperatures increases, other mechanisms could occur such as: lattice expansion,
counteracting with strain causing blue shifting; Auger recombination, which increases at a rate
of ~ T¥2; and free carrier-absorption, which increases exponentially. Lattice expansion will be
shown experimentally to not affect significantly. Auger recombination might interact under
high temperatures, but under regular temperatures CCCH indirect Auger is the dominant
mechanism. FCA was demonstrated by Wang, et al[57] to follow thermalization in the range

observed in this experiment, hence not providing a source of loss.
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Figure 91.-Simulation of biaxial Strain change with substrate temperature and photon
wavelength energy. As temperature increases, the bandgap increases, producing an effective blue
shift in theory.

The reason for the higher emission in Ge is due to increase interactions between I' and L
valley. These interactions have been theorized, and usually are consider insignificant in bulk
Ge. In heavily doped tensile strain Ge, due to closing in energies and the decreasing activation
energy between the bands, effects such as impact ionization, carrier-phonon and carrier-carrier
intervalley interaction become more important. Impact ionization occurs due to the increase of
available ionized dopants. Phonon interactions increase due to increase in temperature. Carrier
interactions increase due to the heavy doping and injection, being particularly important for

laser operation. The importance of these multi-body interactions are shown.
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5.2.2 Conduction Bands contribution

Intervalley phonon interactions are particular kind of phonon interactions that are, in Ge, I' — L
or I' — A, being these valleys the three lowest energies, and the main contributors to emission.
A Dbrief description of these interactions was seen in Figure 89 (b).

In Ge, the phonon interactions are mainly lead through Longitudinal Acoustic (LA) and
Optical (LO) phonons in T' — L [169]. The other interactions between valleys are transversal
optical (TO), and acoustic (TA). Acoustic phonons are the most affected by strain in the
system, and their interactions will be highly dependent on the direction of the stress [167]. The
absorption and emission of phonons follow density of states with the energy of the observed
phonon. It is observed that both emission and absorption of phonons is weak on I' compared to
L or A -due to the low effective mass of I electrons. This makes the interactions between
phonons with T' extremely weak in comparison to indirect bands, causing intervalley thermal
scattering from indirect to direct bands. A similar effect has been observed as well in Si [170]
where intervalley interactions caused by carrier-phonon and impurity scattering changes the
mobility of the carriers.

The importance of intervalley phonon interaction is the intervalley scattering that
occurs. It consists of a zone-edge phonon scattering an electron from a band minimum at the
zone edge to another band minimum at the zone edge. The effect has been observed at high
temperature (>300K) in other semiconductors [171].

The absorption can be increased or decreased in the I" valley through addition of L or A
valley electrons interacting with the phonons. As the temperature is increased more phonons

are in the matrix, providing higher probability for intervalley scattering, which is beneficial in
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Ge. Joint density of states can explain the number of carriers interacting with each other, and
how they contribute to the phonon interaction.
The occupancy of states- electron density - on the bands is dependent on temperature, as

described in the following equation,

1
*2m.(2m,)2 1
= |, T = B a5
E,

exp((22824 + T2 (B = Fyana) — Fye) /KT) + 1

where 1/m=1/m+1/m,, Epang is the energy gap between chosen conduction band and valence
band; E¢ is the conduction band quasi-fermi level; E, is the energy of the wavelength hv. The
last term of the equation comes from the Fermi-Dirac distribution, related to the distribution of
the electrons on the conduction bands, those being I,L or A valley. As the temperature
increases, the dopants become more available in the bands due to thermalization of the carriers
and available states. Interestingly, the free electron distribution increases faster in the indirect
bands than in the direct band due to the low effective mass of electrons in the T" valley. Results
of these calculations can be seen in Figure 92. The A valley becomes degenerate at ~1x10", at
temperatures around 450K, using Pankove’s expression [44] for degeneracy. The calculation is
an approximation assuming X valley is identical in behavior to A valley, and using the
degeneracy of 4, assuming the biaxial stress only contributes positively to 4 of the 6 points of
symmetry on the k-space (100). Importantly, the free electron density does not explain the step
increase in PL on Ge, and shows that even under high temperatures, the effect of temperature

on I' is at the minimum. The effect causes indirect bands contributions of carriers on I' valley.
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Figure 92.- Theoretical calculation comparing free electron density to temperature on the
different conduction bands. As the temperature increases, the redistribution of electrons increases

on the different conduction bands, achieving degeneracy on the A band.

Contributions of carriers to I require surpassing the activation energy in between bands,
Ea, as depicted in Figure 93. E, is the energy difference between the band-edge of CB and the
Fermi Level. Phonon absorption in Ge is high at temperatures above 300K [150], assuming an
unlimited source. E, is dependent on the initial Fermi energy, Er, which depends with the
doping concentration, as has been explained. For E; L-TI' was to be 0.102eV, as seen in Figure
93. This was observed as well in our measurements, and we found E, ~0.120, 0.101 and 0.74

eV at dopant concentrations: intrinsic, ~1x10* and ~3.5x10%°cm™ respectively. These
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correspond to the increase in Fermi level, as depicted. Furthermore, the activation energy is of

the order of Indirect Auger recombination allowing for increase PL, as explained in Chapter 2.
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Figure 93.- Comparison of integral PL intensity respect to temperature on n+Ge tensile strained
at ~1x10™cm™. An activation energy of ~0.102eV corresponds to Arrhenius calculations. [27]
In order to understand this mechanism, a temperature dependent PL study was
performed in Ge substrates with 0.2% tensile strained and under different doping conditions.
The temperature spectra range covered 120-730K to explore the spectrum of band gap
interactions. In order to understand the temperature contributions, edge information for I" valley
from peak and integrated PL intensity was extracted. The former was used to explain the band-

edge behavior. The latter was used to explain r***" behavior and band-to-band transitions.

5.2.3 Experimental Results

PL was performed with Horiba MicroPL with photoexcitation at 1064nm under an Instec hot
stage temperature control above 400°C. The detector cutoff is ~ 2000nm, and the responsivity
of the detector was taken into account in the measurements ranging from 1400-1900nm. Figure

94 shows the characteristic emission of Ge under two different dopings at high temperatures.
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Under temperature and wavelength detection range chosen, PL information is presumed to

portray accurately the behavior of the Ge direct band edge.
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Figure 94.- PL at high temperatures of Ge n+type (a) ~3.5x10"cm™ and (b) ~1x10"cm™,

A relation between the peak emissions, the integrated intensity and the temperature is

shown in Figure 95. The peak emission is almost independent of the dopant concentration in a

aEg[‘

o7 ~2.05 x 10~*eV /K, which has been observed previously

regime between 200-400K,

[150]. It was observed to be smaller than the standard ~4 x 10" * eV/K in this temperature range
[172]. This difference was thought to be due to the increased thermally induced tensile strain in

Ge upon cooling, reducing the band gap to partially compensate the temperature-induced
. . : d
energy gap increase. The discrepancy comes at higher or lower temperatures. In both cases %

is larger than what was previously known. The experiment suggests stronger contributions of
both T" «- L -phonons intervalley interactions.
The plateau occurs since T electron density remains constant, avoiding shrinkage. This

comes from carriers exchanging as I' > A, occupying the states. As temperature increases,
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' «- A restarts since the free electron density on I' changes slowly with temperature, while A

increases faster as was seen. In order to confirm this effect, the integral intensity of each state

has to be analyzed. Furthermore, indirect CCCH Auger recombination works as well in A.
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Figure 95.-Peak energy representing of E 5r versus temperature of observed PL. There are three

regimes observed corresponding to the different points of L and A interactions.

Auger recombination increases as temperatures increases, and heavily doped material is

known to be more susceptible to the loss of emission due to it. As demonstrated in chapter 2,

CCCH Auger recombination does occur in an indirect way. In both L and A occur, at lower

energies than direct Auger recombinations, having energy thresholds equivalent to E;, =

0.0299 and 0.0364eV, respectively. This permits increase in emission with increase

temperature since more carriers are available in the direct band. Both transitions require a

minimum energy for activation, that being at ~350K and ~425K. Edge emission measurements
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show increase in band gap shrinkage, suggesting that the mechanisms are in play. From integral
PL the effects of both mechanisms on radiative recombination are observed.

When comparing different temperatures integral PL versus peak emission, it can be
seen that the shift of peak emission matches the PL emission, as seen in Figure 96. On an
intrinsic strained Ge, BGN is slightly seen, and contribution of carriers plateau ~400K or
120°C, corresponding to Auger CCCH energy. BGN is difficult to see since the material is not
degenerate and requires filling L valley before contributing heavier to I'. The matching trend
matches that LA phonons are interacting for intervalley interaction between L -» T'. If the
contribution was to happen on opposite direction, the band would not narrow, hence no peak
shift; and the emission integral would decrease.
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Figure 96.- Integral PL and Peak energy plots against 1/kT of undoped strained Ge. Increase in

PL and edge emission show both I' BGN and L —valley contribution on T.
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The dopant concentration has the major role on differences between Ge light emission.

As the bands fill at different dopant concentrations, available carriers are more or less readily

for interactions. As the dopant concentration increases, the Fermi level increases as well, as the

non-radiative transitions. It is known that with increasing dopant concentration, the PL intensity

increases, due to the increase of available carriers in ' valley. The trend is observed, but the

beneficial effect of temperature decreases with increasing doping after 1x10*°cm™, as seen in

Figure 97. At heavier doping, as with ~3.5x10™°cm, after ~393 K a clear decrease in integral

emission is observed. This is expected since the Fermi level is higher, and the energy required

to have I' — A intervalley interactions is decreased. The carriers from I' contribute more readily

to the A valley. Moreover, the increase in I' BGN considers lattice expansion, and decrease of

L carrier contribution.
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Figure 97.- Integral PL and Peak energy plots against 1/kT of degenerate doped strained Ge.

Increase in PL and edge emission show both ' BGN and L -valley contribution on T.
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Degenerate doping shows a larger BGN in the peak emission and faster drop in emission with
increase in temperature.

Using the standard condition of ~1x10"°cm™ dopant concentration, and observing the

peak shift, a trend is noted. As seen in Figure 98, the values for % are about -1.64x10™eV/K

and -1.88x10™ eV/K. It suggests that the intervalley interaction when L— ' and A— T is
stronger, they become ~ - 1.5-2x10™eV/K. This trends matched observations for I and L [150] ,
and suggest the present of electron-phonon interactions in the total lattice. It was seen as well,
that the presence of lattice expansion has little to no effect on the contribution under non
degeneracy of dopants in T

When the interaction is L— A or ' = A, it is more likely to decrease the peak shift,
since available carriers are more readily interacting into the A valley. This happens since the
overlapped density of states observed empty states on A valley, making it a thermodynamically
stable transfer of energy. Moreover, the mechanisms of thermalization are competing with
Auger CCCH transitions, which are less probable to occur at A valley at low temperatures, due
to low density of states and available carriers in A. As temperature increases, all CCCH
transitions contribute to radiative recombination by contributing carriers to I'" valley. This is a
suggested mechanism but further research is needed to understand such mechanisms.

The shifts on energy show that lattice expansion never occurs without contribution from
another band, as was the case in degenerate doped Ge. The important point of these results is
that Ge can emit light, potentially increase on gain, well over temperatures >600K. Ge lasers
benefit from these interactions by utilizing both the temperature effects noted, BGN and BGR.

The latter will be treated in further chapters.
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Figure 98.- Peak energy of n+Ge ~1x10"cm™ at high temperatures different regimes exist at

high temperatures.

5.2.4 Conclusions

In summary the effects observed over the band can be divided in 4 regimes:

1) L - T Interaction where LA phonons contribute to electron-phonon interactions and

intervalley exchanges between the bands. Furthermore, overlap of unoccupied

density of states of I' with filled L band permits a thermodynamically stable

exchange. Increase in BGN T proves this trend.

2)

['> Aor L — A due to overlap of density of states under same reasoning. Decrease

in PL and saturation of BGN TI' proof that both conditions might be occurring at
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once. The nonradiative recombinations, such as direct Auger recombinations,
decrease PL, as the temperature is high enough for activation

3) A—-T and L —» T interactions increase, as the energy required for activation is
reach. As the difference in activation energy Er — E, increases, PL increases and
BGN T increases.

4) T Free carrier excitation contribution through excitation temperature increases
exponentially through Fermi-statistics and BGN T increases exponentially until
saturation.

It is suggested that electron-phonon/electron-electron — thermalization and Auger
recombination- interactions keep contributing to Ge radiative recombinations under high
temperatures through intervalley scattering. The shift on peak energy shows the change on
band tail due to thermal expansion and the existence of plateau proof the multi-body
interactions reducing the positive effect. Further studies are necessary to understand the

activation energy, and the gain contribution of temperature and increase dopant.
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Chapter 6. pnn Ge LED

It is demonstrated functional Ge on Si LEDs, in the form of FP cavities, hence, polished
waveguides. The structure tested was selected for simplicity and to allow the greatest surface
area to be exposed. The enhanced surface area permits an analysis on the upper and lateral
facets of the devices. This chapter is divided into low Ge n-type doping (<1x10"cm™) and
high n-type doping (>1x10%%cm™). It is demonstrated that the enhancement on doping permits
to reach bleaching on the devices.

First, the theory behind the low doping Ge LEDs is covered, and the difficulties on
processing. After the electric and optical characteristics of these devices are shown and how
they perform as diodes, lateral and upper light emission is demonstrated.

Finally, the advantage of using a highly doped n-type substrate and low temperature Si
deposition to avoid dopant outdiffusion is presented. The highly doped devices show better
emission and a stronger BGN. Through pulsed current, reduced degradation of the metal
contacts is demonstrated. The temperature effect matches normal performance of high current
injection on lasers. It is demonstrated the onset of bleaching and hot carriers proved aiding the
recombination.

This chapter presents the work performed to achieve the electrically pumped Ge laser,

as it follows similar principles.

6.1 Introduction

In order to fulfill a totally integrated laser on chip, electrical pumping on chip is necessary. To
achieve such task, Ge-on-Si light emitting diodes (LED) where designed. Hence,

electroluminescence (EL) through pnn-heterostructures has been explored, and LED behavior
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characterized.  The pseudo-direct band gap of Ge allows a more efficient radiative
recombination, than expected from its counterpart in bulk, non-strain and non-doped format.
EL results from spontaneous radiative recombination, and has a linear relation to the doping
concentration. Through this process, we can relate the total injected carriers of both
electrons, An, and holes, Ap. The photon flux, or intensity, expected has to have the form,

VAn

Tr

D =1

where n; is the internal quantum efficiency, V is the volume, and ,. is the radiative lifetime of
the carriers which is <10™'% observed from previous theories [26]. The linearity of the photon
flux can be confirmed through our EL experiments. Ge-n; was observed in previous work[173]
showing Ge pnn structure capable of achieving 10% external quantum efficiencies, n, . The
efficiency is limited by the injection from Si to Ge contacts, and the confinement of the barrier
from p-Si contact. The confinement prevents a large leakage current, and an effective high
current density on the device. Alignment of lower energy bands under heavy doping becomes
the most important constrain improving the efficiency, as will be shown.

The internal efficiencies will be dependent primarily in the Ge core doping
concentration. As the doping concentration increases, Ge I' valley presents more radiative
recombination. Both efficiencies, n, and n;, depend in the total number of carriers passing the
Si/Ge junction, explaining the concern with high crystal quality and minimum boundary
mismatch. Notice that n; depends on doping, temperature and defect concentration of the
material since it shows the electron-to-photon transducer capacity of the material.

Double-heterojunction, as will be shown, provides an improved carrier confinement and
provides the higher carrier densities required for an efficient injection. Since the devices are

using single crystal Si for substrate and poly-Si as an upper contact, other adverse effects have

170



to be considered. Both contacts are heavily doped, and causing an increment in absorption in
both contacts. Furthermore, the contacts under heavy carrier injection will diverge from their
established index of refraction. The increment in absorption has adverse effects on the allowed
possible modes, reducing to a maximum of 7 modes with losses up to 900cm™, with x-z
dimensions 800x1000nm waveguide. The increase in losses makes the device unsuitable for
lasing, as will be shown. Doping and carrier injection, as was noted in Chapter 2, are the main
limits for net gain.

The doping is reduced through appropriate control of annealing temperatures and
increment of deposition temperatures, as shown in the following sections. The doping
concentration is 3-7x10™cm™, reducing to a fraction of the original doping of 1x10*cm=.
Nevertheless, as confirmed in Figure 99, the pnn diode provided enough confinement for
spontaneous emission, and appropriate injection of carriers. Moreover, as the dopant
concentration increased, signs of bleaching were observed. Each of these details is covered on
detail in the following sections.

The work is divided in the two main ranges:
 Doping concentration <1x10%cm™:

o Diode I-V behavior with resistance as low as 5o0hms.
o0 Diode electroluminescence from all directions.
o Outdiffusion of dopants through high temperatures during processing
e Doping concentration >1x10cm™
o0 Delta-doping for electrical devices
o N-type Si substrate maintains total doping post-processing to >1x10*°cm™

o Diode I-V behavior of highly doped materials, showing lower resistivity
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0 Temperature effects calculated with an impedance ~27W/K.
0 Non-linear effects, as hot carriers, confirmed
o First demonstration of bleaching on electrically pumped Ge

o Identify flaws for Laser LD

Figure 99.- Si/Ge/Si pnn heterojunction LED migrograph cross section showing all the

elements of the device.

6.2 Low doped Ge-LED <1x10%%m-3

LEDs were design with in situ P doping 1x10"°cm™.The behavior of these devices and the
effective active doping concentration is discussed in this section. It is shown that the lower
emission is dependent to the doping concentration, and no evidence of BGN permits to
determine doping concentration below growth conditions. In this section, we explored the

behavior of the pnn Ge LED made and the overall electrical and optical efficiency.
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6.2.1 Materials Preparation

Starting with a p+Si substrate 6”(100) with an edge perpendicular to (110), a thin film wet
oxide was grown ~ 400nm. Boron doping concentration was 1x10”°cm™. Photolithography
defined the oxide trench. n+Ge was grown on the oxide trenches with single crystallinity and
defect concentration ~mid-10%cm™ dislocation density, and in situ doped, as described in
Chapters 3 and 4. No further anneals were explored to avoid the loss of doping through
outdiffusion. For more details on the deposition procedure, please refer to Appendix.

Ge waveguides were treated with Ge-RCA, to avoid any secondary contaminants in
between processing steps. For details on RCA bath, refer to Appendix. Ge waveguides were
covered with a-Si grown at 560°C for 2hrs through low-pressure chemical vapor deposition
(LPCVD). The technique has the advantage of covering uniformly through the entire sample
and avoiding electrical shortages. The thickness of the a-Si was measured ~180nm. LPCVD
technique has the disadvantage of a peak temperature of 620°C for 5 min in the initial steps, to
remove native oxides with H, flow. Amorphous material has poor conductivity and no-doping,
requiring an implantation procedure with P.

Implantation of the a-Si layer was predicted through a Monte Carlo Simulation tool,
SRIM/TRIM, that predicts the implantation damage, lateral straggle, and depth of implantation.
As seen in Figure 100, the simulation predicted with a 50keV, 7 degrees inclination, and a dose
of ~1x10* for the donor dopant, P, the material would be thoroughly implanted. Substituting in
the equations used in Chapter 4, we obtained a total dopant concentration of >~1x10%%cm=.

Implantation process was executed by Innovion, Corp.
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Figure 100.- Monte Carlo Simulation of implanted poly-Si with P at 50keV, dose of 1x10*® and
7 degrees angle.

The resulting sample was further annealed to activate the dopants and change the
structure from a-Si to poly-Si. Annealing step was divided in temperature and time, due to the
importance in the outdiffusion and redistribution of the dopants. It was determined that under
our conditions the minimum temperature required was ~685+5°C, and a minimum time of 30
seconds. For full activation of the dopants, the temperature required is 700°C with 30 seconds.
Poly-Si grain size and surface diffusion is left for future studies.

Poly-Si was photolithographically defined to expose the oxide. Metal was further on
deposited through metal sputtering using Applied Materials Endura tool. The metals of choice
were Ti, Ti/Al, and TiN/Al. The metals were selected since they are standards on the CMOS
technology industry and their availability during process. It was important to deposit the metals

immediately after activation and cleaning of the surface had been performed to avoid any oxide
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formation in the poly-Si surface. This would reduce the total resistivity from the contacts and
allow for better injection of carriers.

The devices were characterized through fiber coupling while being injected through
bottom and upper contacts, as described in Figure 101. The injection point is through a W-tip of
50um diameter and substrate connected to the current. The devices were measured through
optical diodes for power emission and through OSA spectrometer to determine the PL

emission.

Flberf Tl .
==%.Dev

S "k

Temperature control

Figure 101.-Device setup for characterizing through fiber coupling.
The devices presented LED optical and electrical behavior. To determine their response,
characterization was performed, as well, in the upper surface. As depicted in Figure 102, the

fiber couples were in both directions to determine the response of the devices.
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Figure 102.- Experimental setup diagram to determine the emission characteristics and
behavior of the devices. (Courtesy from J. Bessette)

In the following sections the results are described, and the devices analyzed.

6.2.2. Post-growth temperatures effect

Ge has a fast diffusion constant. The speed of diffusion of most n-type dopants in Ge is orders
of magnitude higher than those of Si. Post-growth processing showed to increase above 580°C.
At growth temperatures, 650°C, Dge~103-10"° cm?/s and Ds; ~7.6x10%° [174]. The disparity in
diffusion permits Ge dopant to get displaced to the boundaries. Growth time constrains are
limited to the final thickness desired and preparation of the chamber. Both steps add to a 90
minutes process minimum with temperatures allowing P outdiffusion in Ge boundaries. As
seen in Figure 103, SIMS confirms the loss of dopants. The dopant loss can be identified in
both the Ge buffer and the body of n+Ge. The former has been explained in Chapter 3. The

latter is confirmation of the dopant loss during processing.
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Figure 103.-Ge pnn-low doped SIMS analysis. Processing post-growth temperatures increase
affects the overall device quality due to dopant loss. Both buffer and upper layer lose dopant.
The buffer acts like a sink, as mentioned. The upper layer deposition temperature (<580°C) is
high enough to lose the dopant concentration.

A secondary effect not expected was the dopant distribution that prevents proper behavior
of the dopants. The dopant concentration difference prevents from loss Electrical effects of the

device response. This will be shown in the following section.

6.2.3 I-V Diode Characteristic of Low doped-Ge

I-V characteristic in LEDS have normal pnn behavior after injection. As seen in Figure 104, the
I-V characteristics show normal diode behavior under forward and reverse bias. It shows a

resistance like,

v 10 £+ 4Q
a1 -
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with 4 Q intrinsic from the measurement setup. The current density, J, can also be expressed in

heterojunctions as,

qV
] = Jolexp (1) = 1
where Jp is a variable dependent on temperature which includes the working function between
Si-Ge contacts, ~ 9.24x10"A/cm?. It can be seen that the structure follows perfectly the diode
behavior. The diode was made with Ti-Al contacts. Similar pnn devices with half the doping
were fabricated and showed an increase on resistance of one magnitude, ~100 Q. It permits a fast

way of determining the dopant concentration of the devices.
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Figure 104.- 1-V characteristics of low doped diode ~7x10*cm
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The other outcome to consider was how the metal behaved under continuous current
conditions. For that the mean time to failure for the metal layer can be calculated with Black’s
formula,

ttf, = Aywejme @
Where A, is a constant that for Al is 3x10*%-1.5x10™, w and t are the dimensions of the contact,
n is the current density exponent 1-3, and E, is the activation energy of diffusion that for Al is
0.4-0.6eV. It calculates that ttfx is around lhrs under continuous operation and 100mA. Due to
the concentration of current density of Ge surface, electromigration can decrease to only >10min
under same current. This change in ttfx can be seen in Figure 105, where the electromigration
stop the device. The currents used during this electromigration are of <30kA/cm? on the upper

point of the Ge contact.

" Metal Pad™

l6pum
-

Figure 105.- Ge pnn Metal pads damage. It is theorized due to electromigration. (Courtesy from
J. Bessette)
Even though the performance of the first generation devices was not optimal, the

devices showed appropriate PL emission, as it is shown in further sections.
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6.2.4 Photoluminescence and Electroluminescence of low doped-Ge

Emission of the devices was characterized through three different core fibers to identify the
optimal core for coupling. As seen in

O T I ! I ! I N I N I

1 — SMF
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204 Large core MMF
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Figure 106, fiber coupling showed to be insignificant in emission change. To increase the

1200

alignment and prevent non-linear effects, multi-mode fiber (MMF) large core was used. Single-
mode fiber (SMF) has the disadvantage of cutting off the light, and portrays a cleaner signal,
when in reality it is not. Hence, electroluminescence was measured using a MMF coupled to an

optical spectral analyzer.
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Figure 106.- Fiber coupling through different waveguides. (Courtesy of J.Bessette)
The spectral width, A4, was ~95nm from
A =~ 14522 kT

where 4,, is the emission peak corresponding to the band-edge of I' to HH and LH. The spectral
width matches well with the measuring temperature and with the measurements. As A4
increases, the temperature is expected to increase. Furthermore, the contribution of both HH
and LH expands AA which its valence band contribution, as seen in Chapter 5. A measurement
of the device establishes A4 ~150nm, showing that the contribution is asymmetrical. FHWM,
which should be identical to A4, is the normalized variable employed to determine extraneous

effects due to temperature or carriers redistribution.
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Since the waveguide design serves as a template for a diode laser, emission from the
edge of a cleaved facet was of particular interest. Figure 107 shows EL spectra as a function of
increasing diode bias, V. The spectrum shows the evolution of the spectrum under heavy
current. It can be seen that the FHWM expands with temperature, and the peak shifts to
1650nm. The change in peak emission is not due to BGN. BGR and temperature are the main
culprits in the change in peak emission. As the excess carriers get injected, band bending
occurs, as with BGN. The difference here is the presence of the quasi Fermi levels in both

bands, reducing the emission.
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Figure 107.-Electroluminescence spectra of edge emission from cleaved pnn diode cross-

section. Peak shift is attributed to high voltage. (Courtesy of J.Bessette)
Significant electroluminescence was detected from these devices showing a significant
red shift in the bandgap. This shift can be attributed to an increase in temperature [30] due to

heating effects during electrical pumping [9]. Temperature also changes the peak emission but
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a shift of this magnitude would represent an increase of temperature up to ~800K or 450°C, as
seen in Chapter 5. Further temperature measurements confirmed that the temperature change
was <20°C. Furthermore, an increase in strain can be ruled out from XRD measurements. It is
obvious that BGR can contribute the most under these parameters.

Comparing previous results reported in pin[20, 49] and pnn[23] heterostructure, it is
demonstrated normal pnn behavior and emission from Ge LEDs. The emission intensity of the
diode increases superlinearly with respect to voltage owing to an indirect valley filling effect
which scatters more electrons to the direct valley under injection. Additionally, LED behavior
is confirmed by comparing edge and top emission, as seen in Figure 108, where both results are
consistent with Ge emission, and possess identical FHWM under same pumping conditions.
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Figure 108.-Comparison of EL emission from top and edge emission from same device.
(Courtesy of J.Bessette)

In this section, it is demonstrated:

e Edge emission electroluminescence in waveguide pnn Ge heterojunction diode structures

183



e Strong light emission from an edge and upper emitting LED is observed

e Red shifted Ge direct bandgap emission at 1650nm matches BGR

e Low resistance from <100hms. Doping concentration is the major factor controlling the
resistance and effective injection of the devices before degenerate level (1x10™%cm™)

In the following section results of the highly doped LEDs with comparisons with the first

generation are portrayed.

6.3 Highly doped Ge-LED >1x10%%m-3

Ge pnn LEDs heterojunctions showed difficult behaviors to overcome in doping, metal contacts
and overall efficiencies. Different approaches were pursued at once to reduce dopant loss in the
Ge buffer, the metal contacts electromigration, efficient carrier injection and temperature
control.

Process variations and the use of delta-doping in the growth step, n+Ge was doped up to
3.5x10"cm™ P. The increase in doping did not reduce the quality of the device but introduced
poly-Ge on the surface of the active material, as is discussed. Higher efficiencies and larger
optical power is observed.

Finally, Ge LEDs show evidence of bleaching, or onset of lasing. The presence of hot
carriers and bleaching is treated, as EL and PL behavior are shown describing the behavior of

the devices.

6.3.1 Materials Preparation

Ge pnn heterostucture was made in similar manner to the lower doped LEDs. Modifications are

the order of the contacts and injection direction, as the doping procedure for Ge. Starting
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material was n+ Si (100) doped with Red Phosphorus to ~5-7x10"cm™. A doped wafer was
selected to avoid losses of the dopants on the interfaces as was seen in the previous section. By
having a large doping source, it was expected to overcome Ge buffer dopants absorption.

Ge growth was performed over oxide trenches for selective growth. Ge insitu process
was grown with delta-doping, as described in Chapter 4. Delta doping allowed for an increase
in dopant concentration. Amorphous Si was deposited through plasma-enhanced chemical
vapor deposition (PECVD). The tool used was DECVD Applied materials with SiH; as
chemical reactant. The technique permits to grow a-Si under temperatures of <400°C, avoiding
dopant diffusion. This tool has the disadvantage of excess hydrogen, or creation of a-Si-H.

Hydrogenated a-Si is common in the solar industry, but the excess hydrogen tends to
outdiffuse during postprocessing, breaking film uniformity, and being a cause of shortage. To
overcome H outdiffusion, a long-time diffusion technique was developed to minimize stress on
the a-Si and other surface morphological changes which all can have a detrimental effect on
injection and absorption. The maximum temperature through this process is 420°C
corresponding to peak of diffusion of H on Si, with smallest P diffuse from Ge. The details of
a-Si long annealing can be found in the Appendix.

Si thickness deposited was ~180nm, and after the long annealing it reduced to 140nm
due to densification and loss of hydrogen. Si is acting as well as a diffusion barrier for P
dopants in Ge.

The material was further implanted with Boron with 23keV at a dose of 1x10 at 7°
degrees tilt. This permitted to create a dopant injection as shown in Figure 109. The dopant

injection was designed to avoid damaging Ge upper surface.
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Figure 109.- Doping implantation on poly-Si for B at 23keV 7° degrees tilt. Notice the
Gaussian formed to permit proper doping throughout the contact.

Rapid thermal annealing is used to activate the dopants on a-Si and move dopants on Ge
delta region. The delta doped area is not diffused in previous steps to avoid higher losses of
dopant on the interfaces.

Metal contacts were selected in terms of their resistivity. Kelvin Bridge, as shown in
Figure 110, was used to determine the best metal for contact resistance. It is used a
measurement tool to detect resistance under <1Q and it has repeatedly shown to be an accurate
measurement technique [175]. It consists of a metal connection to a semiconductor through a
single piece of square dimensions size, £. When applying voltage through the semiconductor
and metal, and reading the current through the other two contacts, a simple relation is achieved,

_ Vi _pe

R =

where p, is the resistivity of the metal with the surface exposed, that being p+polySi, in our

case.

186



Semiconductor

Contact

Metal

Figure 110.- Kelvin Bridge resistor schematic.

The results of the different metals are shown in Table 8. It shows that Ti and TiN are
the best contacts for the heterojunction with a ~60 Qum?, while most other materials showed
orders of magnitude larger resistivity ranging from 400-1000 Qum?. The difference resides
from the work function of the different materials and B-doped Si, and the processing. The
former reason is clear when seeing other similar results from other groups, with better contacts
with the same metal but different dopant for Si[175]. The latter is more likely due to formation
of oxide on the polySi before implantation of oxidation of the metal. Notice that Ti, TiN and Al
are deposited under 30minutes after the final oxide cleaning and they are deposited using a
sputtering chamber with high-vacuum and temperature control. The other metals were
deposited with electron beam, where the deposition lasts over 3 hours, the temperature
increases the heavier the metal - as is the case with W — and the material cross contamination

from other devices is more likely.
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Table 8.- Metal resistance of different devices

Metal pc (Qum?)

Ti 57
Ti-anneal 81

TiN 45.35

Ni anneal 350C 2280
Ni anneal 450C 423
Pt 890

W 1300

The device was finalized with Ti 200nm / Al 500nm and etch to exposed the polySi and
avoid further optical losses from the metal on Ge, as seen in Figure 111. The double layer is an
old standard at industry. The metal was not on top of the Ge substrate to avoid metal optical
losses. The contacts were set both in the upper face of the device to minimize the distance for

the current and bias.

Figure 111.-pnn Ge heterostructure LED design for higher dopant above >1x10™cm.

6.3.2 IV Diode characteristic and Electroluminescence

Measurement of highly doped materials, as seen in Figure 112, shows normal behavior of
degenerate materials. Under reverse bias, the voltage and current are linear, as expected from

Zener breakdown. This happens due to heavy bending of the bands and quantum tunneling.
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Furthermore, the increase in Fermi levels easier exchange of the carriers. For the type band I
alignment, for carriers confinement, forward bias is needed, as will be seen.

Decrease on resistance is observed under heavy doping. Resistance difference is
dVv/dI~5+4Q for heavy doping and 10+4Q for the low doped. The limitation between the
doping stages comes from the leakage current, or leakage bias, that the any device has to
overcome. Furthermore, at the values measured for resistivity, we are limited by our

experimental setup since they are on the order of the intrinsic resistance of the setup.
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Figure 112.- I-V comparison of two different dopant concentration LEDs. Highly doped LED
shows typical degenerate system under inversion.

When comparing luminescence of highly doped devices, we see that both EL and PL
match, as seen in Figure 113. The emission shows full activation of the dopants in the material
and heavy shifting due to BGN, and not due to temperature. The comparison shows that an

injection of 1kA/cm? is equivalent to few wJ without having adverse temperature effects. PL
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depends on the absorption of the material, preventing BGR from happening. Use of current

injection, instead of bias, permits to reduce the level of carriers injected, and prevent BGR.
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Figure 113.- pnn Ge diode PL and EL at 130mA continuous current normalized spectra with
temperature control to 300K. (Courtesy of J.Bessette)

The diode was tested under pulsed current to minimize metal electro-migration
observed in the low doped devices. Pulsed current prevents overexerting the metal contacts and
extends the lifetime of the metal, as was observed. By maintaining a 50% duty cycle, the
material was capable of sustaining up to ~45 kA/cm?.

Additional study of the temperature change with peak emission, showed that under
heavy injection the temperature plays a role on devices, as observed in Figure 114. The dopant
peak shift is large enough to suggest the presence of hot carriers due to the linearity between
power and temperature shift. A hot carrier is present when the electrons or holes are at higher

temperatures than the lattice, which effectively excites the carriers as observed on lasers.

190



Silvaco Simulations of these devices predict a maximum temperature shift of 10°C. Due to the

large shift, such small temperature change does not have a significant contribution to peak shift,

as seen in Chapter 5. However, the difference between stage temperature control, suggests that

carrier temperature might still have an important effect. Excited carriers through hot carriers

could contribute to BGR, and the effect would be reduced under a cold stage, as observed. The

spectrum of non-temperature control emissions are shown in Figure 115.
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Figure 114.- pnn Ge diode emission difference on peak emission (4,) with injected current. The

maximum peak shift is equivalent to a temperature increase up to ~500°C

In terms of BGR, the effect would have a 1/3 power relation between dopant and peak

emission. The electron-holes interactions have been seen before on different work[166, 176] to

cause BGR, and it assumes that the interaction energies are proportional to the carrier-carrier
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distance. Under degenerate doping or heavy injection, above Mott criteria, the relation would
be lost and follow a linear relationship with change in energy as follows,
AE, < N

where N is the number of carriers injected under heavy injection. The difference in injection
matches the injected carriers and follows similar criteria to BGN, as discussed in Chapter 5.

The increase in EL with the increment of carrier injection follows the superlinearity
common in LEDs, as seen in Figure 115. The shape indicates common LED behavior and KT
relation with FWHM. The peak at high current show new peak formation, though this is due to

lag on detection and the peaks height are under experimental error.
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Figure 115.- Low injection and high injection of highly doped Ge pnn LEDs. Emission and
peak emission match with calculations.

Under high injection, the amount of holes injected is comparable to the doping level of
P, leading to strong BGR and possibility of hot carriers, as mentioned. Under the conditions in
Ge LEDs, we observed resonance and change in peak morphology. The peak formation at long
wavelengths is thought to be a resonance within device, and could be interpreted as nonlinear

effects being introduced.
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The lack of narrowing, characteristic of lasing, denied the possibility of inversion but
the bleaching is a possibility, as observed in Figure 116. The elbow formation is characteristic
of lasers, but the spectrum does not have the requirements for it. FHWM does not decrease;
however, due to the spectrum acquired, the accuracy of the measurements is faulty. At long
wavelengths, the peaks anomalies suggest changes in sensitivity, and might be an artifact.

We predict bleaching through the device in different sections, having an increment in
light emission as more sections go under transparency. The EL measurement is an average of
the different mechanisms occurring at once in the device. When the entire waveguide goes
under transparency, resonance can be achieved and inversion of the carriers, ergo, lasing.
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Figure 116.- Ge LEDs power emission to injected current, comparing FHWM to current.

Bleaching onset is observed at 350mA corresponding to a current density ~35kA/cm?.
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Bleaching observed suggests that the material used for LED and the processing is not
ideal. Calculating the internal efficiency of the device, n;, as seen in Figure 117,shows that the

photon flux increases dramatically, reinforcing the theory of partial bleaching of the device.
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Figure 117.- Internal quantum efficiency of pnn Ge LED compared at different current.

Moreover, if we consider the best result for external efficiency and internal efficiency,
at different lengths of the device, it shows that to reach 0.08% efficiency, it requires several
sections working together so the absorption can be close to zero, and obtain the efficiency
stated. The simulation of such result can be seen in Figure 118, aiding to support the evidence

of bleaching.
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Figure 118.- Simulation of pnn Ge diode efficiency at different lengths comparing how the

absorption changes the efficiency of the device.

6.3.3 Comparison of heavy and low doping

Comparison of the power output with high and low doping provides the information required
for improvements of extraction, efficiency and injection. While analyzing power to voltage
characteristics of these devices, it shows a clear increase in the response from highly doped
LED in comparison to their predecessor, as seen in Figure 119. It shows that the heavier doping

would aid for larger injection current.
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Figure 119.- Comparing low and high dopant concentration devices due to their power
according to different biases. (Courtesy of J. Bessette)

This increment in voltage response suggested an increase in responsivity. Responsivity
of an LED is the ratio of optical power to injected current[62]
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Despite the differences on dopant concentration, R ranges from 68.8-72.8 pW/A, as shown in
Figure 120, establishing an external efficiency of ~ 10%. This is to be expected due to the
low extraction efficiencies, the edges made by cleaving, and the extremely dispersive polySi
above the Ge. Better quality Si, mirrors and minor losses in Ge active area would increase the
external efficiency. The discrepancy between power output in these measurements and the

previously shown comes from the setup allowing for better extraction under HoribaPL setup
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compared to the fiber coupled setup depicted in these results. The losses per setup are added in

our calculations.
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Figure 120.- Comparing low and high dopant concentration devices due to their power output
according to different currents, use to determine responsivity.

The same design and material, under heavy injection, shows a different behavior in R.
The drastic change can be due to bleaching or hot carriers, as seen in Figure 121. Theoretical
simulation includes all the values measured, extracting the current and power outputs from it.
As seen, at low current densities both experimental and theoretical models match. At high
currents, the discrepancy is large, and this cannot be attributed solely to bleaching, since its

effect is also included in the theoretical model. Hot carriers are a possibility considering that
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the voltage used is >10°V/cm [167] which is a typical voltage temperature for diode to exhibit
hot carriers. Hot carriers could contribute to larger power emissions from the direct band gap,
without the aid of larger parts of the device, and achieving larger responsivity on Ge LEDs.
More experiments have to be done to determine the discrepancy between theoretical and

experimental work.
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Figure 121.- Measured responsivity (R) of pnn Ge LED under heavy doping ~3.5x10"°cm.

6.4 Conclusions

The results in Ge pnn-heterojunction show increase in emission, as expected. The area of
emission belongs to a waveguide of 1umx500nm . The area of emission of the pin diode first
tested was a 10umx50umx500nm prisms. The measurements comparisons of PL and EL in Ge

show correlation between doping concentrations with electrical behavior. Due to
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electromigration, higher power concentrations were not explored, and state the need of better
injection paths for carriers. Secondary nonlinear effects are observed under heavy injection.

Ge LEDs show evidence of bleaching. Further studies will confirm the secondary
effects in the injection of the bands. Presence of BGR and hot carriers are left for further study.
It is demonstrated the first evidence of bleaching in any Ge LED under heavy doping and
complete activation of the carriers through appropriate process.

A combined effect of higher temperatures and increased electrical injection leads to the

inversion of the carriers. This approach and some others will be discussed in the final section.
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Chapter 7. Ge-on-Si Laser

We demonstrated a fully CMOS compatible process for development of Ge-on-Si laser diodes.
The demonstration of the electrically pumped Ge laser was based on the work done on the
optical pumped laser[177]. The basis of this work required to overcome the extrinsic losses on
the laser cavity.

Further, we show the materials development and simulations for structure design and FP
laser limitations. We then show the experimental results and analysis common to all laser diodes.

We finalize showing the implications of the result and possible improvements for the laser diode.

7.1 Optical pump Lasers

We demonstrated stimulated emission from Ge and, hence, carrier inversion[177]. Stimulated
emission, as established in chapter 2, is the main radiative mechanism for lasing. Optical
bleaching was previously demonstrated in Ge, with gain ~50 + 25c¢m™. The gain was limited
by carrier injection and doping in the material. By increasing the doping concentration to 1.5-
2x10"cm™, larger gains are obtained and clear lasing emission was recorded. In this section
we show a multiple-mode Ge laser with a Fabry-Perot (FP) cavity through optical excitation.
This work was fundamental for demonstration of the concept of injection for gain and lasing.

7.1.1 Materials Setup

Ge material was in situ doped with ~1x10™cm™3 phosphorous during the growth to further
compensate the energy difference between the direct I' and indirect L conduction. A cross-
sectional scanning electron microscopy (SEM) picture of the Ge waveguide is shown in the
inset of Figure 122. The width of the Ge waveguide is ~1.03um, and the height is ~600 nm. In

order for valleys to enhance the direct gap light emission [30, 58], and overcome the low gain
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expected, a secondary doping process was performed with spin-on dopant (SOD). The total
dopant concentration obtained was ~1.3-2.5x10*°cm™, with a calculated gain of >60cm™ at
carrier injection ~5x10*°cm™. The waveguide was further cover with oxide to passivate the

surface and reduce scattering losses.

1Y

n+Ge

oxide

p-Si (100)
substrate

Figure 122.- n+Ge waveguides SEM micropraphs showing facet and structure, acting as a FP
resonator.

The relatively large cross-sectional dimensions were selected conservatively to
guarantee >90% optical confinement in the Ge gain medium for demonstration of lasing,
without optimization for the minimal threshold.

On typical 111-V material this can be easily achieved by cleaving [178]. Due to the large
index of refraction difference between air and most laser emitting semiconductors, the
reflection on the facets is ~30% with perpendicular mirrors. Moreover, the difference on index
between substrate and active material can maintain a guided mode. Hence, simple cavity is
formed with an in-plane waveguide and perpendicular mirrors, forming a Fabry-Perot (FP)
cavity.

The edges of the samples were cleaved and further mirror polished to obtain vertical
facets for reflection mirrors on both ends of the waveguides. The polishing step is performed
since Si (100) wafers will break on the [110] direction, 60°, preventing maximum reflection R.
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Slurry chosen was ethanol glycol due to the inert properties it presents. Etchants based on water
corrode Ge as pH increases[179]. The slurry gets filtered and recirculated, while changing the
diamond grids from 30um to 0.5 um. The decrease in diamond grid allows formation of an
atomically smooth surface with maximum reflection of 37% in Ge.

The length of the waveguides is ~ 4.8-7 mm. Such a long waveguide was chosen to
guarantee a mirror loss of <<10 cm™, which is much smaller than the optical gain of Ge [58].
The reflectivity at an ideal facet is estimated to be 37%, considering the index contrast between
Ge and air, corresponding to a mirror loss of ~2 cm ™. The mirror loss, a,,, from the cavity is

Ay = %ln (%) ~2-10.2cm™,
where L is the length of the cavity, and R is the facet reflection. The approximation of the
mirror loss comes from the different lengths and reflection.

Other fabrication losses in the Ge waveguide are the modal losses As seen in Figure

123, Ge waveguide simulations show confinement of up to 7 modes, intermix both TE-TM

fields, defined by the total thickness of the device. The total modal losses a,. account for
<4cm’. As the substrate is lowly doped p-type Si, the total absorption is less than 2cm™. The

largest loss is through injection determined by free carrier absorption, apc4, Which is ~42-
63cm’ in the wavelength range 1500-1700nm. Adding up a,,, a,., and agq,, it follows that

the gain has to overcome the minimum loss of,

1
RiR;

as+am 2
Inet = T ~Qgc + Apcg + zln(

) ~ 48—83cm™1,

which is achievable with the doping concentration and previously observed gain of 50cm’.
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Figure 123.- Ge waveguide 2-D simulation showing modal loss and number modes different
thickness.

The entire waveguide was excited by a 1064 nm Q-switched laser with a pulse duration
of 1.5 ns and a maximum output of 50 wj/pulse operating at a repetition rate of 1 kHz. The
pump laser was focused into a line of ~7 mm long and ~0.5 mm wide by a cylindrical lens and

vertically incident on top of a Ge waveguide, as schematically shown in Figure 124.
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Figure 124.- Schematic of the setup used for testing and probing n+Ge waveguides. Q-switched
laser with pulse duration of 1.5 ns and a repetition rate of 1 kHz was used with a
photomultiplier/photodetector.

Through SOD doping method, as described in chapter 4, the material compensated the
low gain and low carrier injection. We reported the first (to our knowledge) observation of
lasing from the direct-gap transition of Ge-on-Si at room temperature using an edge-emitting
waveguide device. We demonstrated that the emission exhibited a gain spectrum in the
wavelength range of 1590-1610 nm, line narrowing and polarization evolution from a mixed

TE/TM to predominantly TE with increasing gain, and a clear threshold behavior.

7.1.2 Optical Photoluminescence

Photoluminescence (PL) was performed Ge FP samples. Figure 125 shows the light emission
spectra of a Ge waveguide under different pumping levels with a spectral resolution of 2 nm.
At low carrier densities, the emission from the waveguide shows a broad band with a maximum

around 1600 nm, consistent with PL and EL spectra of ~0.2% tensile strained Ge reported
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earlier [20, 30]. The broadening of the peaks confirms the emission of both heavy holes and
light holes, as normal spontaneous emission.

As the pump power increases, emission peaks emerge at 1599, 1606, and 1612 nm. This
shift in wavelength is due to the increase in carriers in the system leading to BGR due to the
excess carriers. As power increases pass the onset of lasing, multiple peaks become clear in

accordance with resonance in the FP cavity.
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Figure 125.- PL emission progression of n+Ge waveguides under different probing conditions
from Q-switch laser, and L-I curve showing the threshold of lasing. [177].

As pump power increases to 50 u//pulse, the widths of the emission peaks at 1594,
1599, and 1605 nm significantly decrease, due to peak narrowing; while the polarization
evolved from a mixed TE/TM to predominantly TE with a contrast ratio of 10:1 owing to the
increase of optical gain. This polarization of the laser shows the coherency of emission; a
typical characteristic in lasing.

The strongest emission peak blue-shifts from 1600 nm to 1594 nm, and two new peaks
appear at shorter wavelengths, with a separation of dA~6nm. The blue-shift is consistent with
Burstein-Moss shift, such that the gain spectrum shifts to shorter wavelengths with the increase

of carrier injection due to occupation, or band filling, of higher energy states in the direct T
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valley [24]. The shift expected is ~9.05 nm, compensating BGR from excess dopants and
carriers, matching our observations.

The change in the emission spectrum occurs at the pump power corresponding to the
threshold behavior, marking the onset of transparency larger than 50 cm* gain [24], and closer
to ~80 to overcome all fabrication losses in Ge, as was demonstrated. This aspect is of outmost
importance since a slight increase in losses would quench the gain, and make it non-observable.

F, finesse, and Q are according to the resolution measured ~40 x10° being much better
FP resonator than expected. Q is calculated as ~790, and F of ~265 calculated from the
emission observed. The low theoretical Q suggests the presence of multimodes, transversal and
longitudinal, in order with simulations.

7.1.3 Other resonators

Microdisks were analyzed to observe gain in WGM, as previously observed [58]. PL was
analyzed, as seen in Figure 126, showing an increase in PL compared to films or waveguides.
The increase in spectral width, and the presence of resonances was unexpected. The spacing
between resonances suggests a cavity of Q~110, and a radius of ~200nm, which indicates
resonance from the fiber instead of the cavity. The resonant frequency is not determined since
the detector used, OSA analyzer, cuts-off at longer wavelengths. As well, the resolution of the

detector prevents clear determination of the effect of these resonators.

206



100 .

PL (a.u.)

v
1575 _;-’.

Wavalength

o
/'/ i,~15nm

1525 4 7 AR~10.74nm per peak 4
-

0 2 4 6 8 10
30 = Peak number =

— 777
1500 1525 1550 1575 1600 1625 1650
Wavelength (nm)
Figure 126.- PL emission from n+Ge microdisk. The value extends to the high 1650nm with a
resonance distance of 300nm. The peaks are seen as an artifact between the separation of
microdisk and the optical fiber.

These resonators were explored for further optical injection. The low extraction and
angle dependence of the extraction prevented from observing lasing. Furthermore, the injection
was done through a method that prevented to uniformly inject the material. The facets in Ge
disks become scattering points, likewise, the multiple resonances with limited reflections of
37% prevented perfectly getting the mode. This losses add to higher than >500cm™ for the TE,

in a 20um diameter disk. In order to simplify extraction and reduce losses, toroids were built.
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Ge toroids were Ge disks in a pedestal of p-Si, surrounded by SiO,, as seen in Figure
127. Formation of these structures is through an oxide mask protecting Ge, and the use of
TmAMH to etched underlayers of Si. TmAH etch rate is an order of magnitude slower in Ge than
in Si, but in order to avoid etching scattering surfaces, the oxide cover was necessary. The
structures showed similar PL behavior to disks and with similar complications of extraction.

Further research is necessary to learn to couple the light out of these devices.

Figure 127.- Micrograph of Ge toroids .
Due to the difficulties of emission extraction of these devices, and to uniformly inject
carriers, the study of the pnn Ge disks was omitted. The electrical study of Ge was continued

under FP measurements.

7.1.4 Conclusions

In this section it was demonstrated a room temperature optically injected laser with
concentrations as low as 1.5x10*cm™. The difference in gain due to the increase in doping is
significant enough to overcome external losses as the non-radiative recombinations.

e FP multimode Ge laser on Si with doping concentration 1.5-2.5x10"%cm™ at 300K.
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e A polishing method to avoid corrosion on facets and permit atomically smooth surfaces,
maximizing R.

e Thickness influence in total modal losses.

e Importance of cladding surface for optical confinement.

e Total loss is dominated by FCA.

e Under high injection, non radiative recombination Auger should dominate. Nevertheless, no
observation of decrease on emission is observed.

e Lifetime carrier of Ge laser stimulated emission comparable to 111-V materials

7.2 Double Heterostructure Ge Laser Diode [22]

Through this document, it has been shown evidence of Ge gain, and its ability to luminesce
through electrical injection, LEDS; and optical gain capable of carriers inversion, optical injected
Laser. Also, it has been shown that using a combination of tensile strain and n-type doping,
efficient direct bandgap emission of Ge can be achieved [180], optimizing the effects under
larger doping concentrations. Using the previous work as a basis, a FP Ge-on-Si laser diode was
approached.

In this chapter, it is presented an electrically pumped pnn Ge diode laser on Si that can be
monolithically integrated into a CMOS process. These first laser devices produce more than
1mW of output power and exhibit a Ge gain spectrum of over 200nm.

7.2.1 Materials Preparation
Ge waveguides of 1um width were fabricated by selective growth of n-type Ge-on-Si in

silicon oxide trenches using UHVCVD [3], using a similar procedure as for Ge LEDs on

previous chapter. Details of the growth can be found in the Appendix. A delta-doped Ge layer
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was grown on top of the n-type Ge to serve as a phosphorous diffusion source [181, 182]. The
delta-doping technique inserts monolayers of P in the Ge film at low temperatures by alternating
the phosphine and germane gas flow in the CVD reactor, as mentioned in previous chapters.
After thermal annealing to drive the phosphorous into the n-type Ge layer, the delta-doped Ge
layer was removed during planarization using chemical mechanical polishing (CMP), to reach a
uniform doping concentration in the gain medium. Slurry was water based with no pH control,
being prompt to changes from badge to badge. CMP was performed by Entrepix under device
wafers covered with 400nm oxide. Figure 128 shows a successful batch. Characterization
through AFM showed atomically flat surfaces. Further clean under Piranha bath clean the

surface with a small rate etching on the surface of Ge of < 2nm/min.

.

Oxide i n+Ge

Substrate

Figure 128.- Ge device CMP after Piranha clean .

The remaining thickness of the Ge waveguide after CMP varied between 100 and 300nm
depending on wafer and location on the wafer. The variance on heights on the wafer was not
planned but rather a mistake through manufacturing. Due to severe dishing of the waveguides,
as seen Figure 129, in after CMP the supported optical modes in the waveguides could not be
determined exactly. The modes were simulated to hold 2 TE modes. Up to six TE cavity modes

can be supported in the largest waveguides.
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Figure 129.- pnn Ge LD device cross-section of the final device.

A 180nm thick amorphous-Si film was deposited via a Plasma-Enhanced CVD process.
Long annealing technique removed excess hydrogen from amorphous Si. More details in the
Appendix. Subsequently phosphorus was implanted to a doping level of ~10®cm™ using the set
described in the previous chapter. After dopant activation anneal at 750°C for 30 seconds, a
metal stack, consisting of Ti 2100nm and Al 1 micron was deposited for top and bottom contacts.
Al was surrounded by Ti in both upper and lower surfaces to reduce electromigration. This
permitted increasing the current densities above 600kA/cm?.

The oxide trench provides excellent current and optical confinement. In order to assure
even carrier injection into the n-type Ge, the top contact metal was deposited on top of the
waveguide. The increase in carriers injection brings losses in optical confinement bringing the
mode closer to the metal and reducing the total amount of possible modes.

After dicing, the waveguides were cleaved to expose the Ge waveguide facets. The
devices were polished with Ethyl Glycol slurry to avoid etching of the facets, and to permit a

perpendicular interface. A thin oxide layer of ~15nm was deposited on the facets to protect
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against contamination and catastrophic optical mirror damage which was observed in devices
that did not have oxide protection.

The waveguide emission was measured using a Horiba Micro PL system equipped with a
cooled InGaAs detector with lock-in detection. The emission power measurement was calibrated
using light from a commercial 1550nm laser that was coupled into a single mode optical fiber
with the fiber end at the sample location. In the calibration we verified that the detection was
linear with input power. The electrical pumping was supplied by a pulse generator with current
pulse widths in the range of 20 us to 100 ms. The duty cycle was varied between 2 and 50%,
typically 4%, to reduce electrical current heating effects and metal failure. The laser was
contacted with metal probes and the current was measured using an inductive sensor placed
directly in the biasing circuit. The samples were set over a temperature control to keep samples

at RT and avoid extraneous effects. The experimental set-up is shown in Figure 130.
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Figure 130.- Schematic of the measurement set-up
Simulations showed that the devices could perform with electrical and optical properties.

Furthermore, the values calculated approximate the efficiencies of the final devices.
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7.2.2 Simulation

Initial estimates of gain in n-type Ge based on experimental results showed that an n-type doping
level of 1x10*cm™ would yield a gain of about 50 cm™ [58]. Such a gain can lead to lasing
when pumped optically because optical losses are mainly limited to facet losses and free carrier
losses in Ge. For electrical pumping, additional losses due to the electrical contacts, free carrier
losses in doped poly Si and losses due to the interaction with the contact metal, have to be
overcome. Modeling of mode propagation in Ge waveguides with electrical contacts shows that
these additional losses are >100 cm™, as seen in Figure 131. With an estimated thickness
~300nm and width ~ 1um, only 3 available modes are possible. The losses for TM are large due
to metal contacts, as observed. The highly doped Si contacts also increase in absorption under
heavy doping. The thickness of the poly contact cannot be reduced since a loss on thickness
means an increase on absorption loss to the metal contacts. TE modes are the most likely modes

due to low losses.

Nes=3.71

[ L e |
a=510.026 cnmr

Metal <4x10%cm™

003
i G=5660m' p+Si <500cm”
Oxide n+Ge
N.#=3.50 A_REL_» _ )
i a=484.19 cmr n+Si <500cm

Figure 131- Simulation of Ge modal gain on 300nm thick Ge, permitting only 3 modes. Only TE

modes have low enough losses for light emission.
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By varying the thickness the total losses can be control, as seen in Figure 132. The
expected losses from 100-500nm waveguides change from ~160cm™ to 1100cm™ from modal
losses, not including free carrier absorption of Ge under this doping level. Ge FCA is calculated
~340cm’ at 4x10*cm™ doping. On degenerate Ge, calculations from first principles show that

FCA <100cm™ under high carrier injection [57].
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Figure 132.-Simulation of total modal losses in Ge waveguides according from thickness of Ge.
(Courtesy of Y.Cai)

To overcome these losses, the Ge gain must be increased by increasing the n-type doping
to a level of 3 - 5x10"° cm™ [2]. Recently, we achieved n-type doping levels of >4x10"cm™ by
using a delta-doping technique during epitaxial growth of Ge [182]. By correlation of
photoluminescence (PL) intensity, n-type doping level, and measured material gain, we have
determined that an n-type doping level of ~4.2x10"cm™ corresponding to a material gain of

>400cm™, enough to overcome the losses in an electrically pumped laser device.
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The electrical simulations were done with Silvaco to establish the effects on optical
properties and injection of the carriers. The simulation limits were chosen to reduce processing
time and establish the electrical and optical changes on the material over long ranges. We
assumed a thickness of 100nm on Ge and poly thickness is ~800nm, and substrate of ~1200nm.
The dopant concentrations were limited to similar conditions observed on Ge LEDSs. Previous
simulations assumed constant index of refraction throughout the different parts of the device.
Under forward bias, increased in total carriers in the device can change the index of refraction.
As seen in Figure 133, under forward bias of 1.2V, polySi upper contact increases on index of
refraction. The increase on n pulls the mode up, closer to the metal contact. The increase on
index in Ge provides better confinement of the modes, decreasing the modal losses on 100nm to

<500cm™.
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Figure 133.-pnn Ge diode index of refraction change under 1.2V
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It is observed that total current density under 1.2V is ~10kA/cm® on the interfaces,
assuming saturation close to the Ge buffer/n+Si contact. The change in current density of

AJ~2kA/cm? is not large enough to limit the performance of the device
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Figure 134.- Carrier density simulation in pnn Ge diode, showing that the maximum current is
concentrated on the interface.
The heat of recombination and Joule heating are mostly observed in the Ge body and the
interfaces, as seen in Figure 135. The total energy is low enough that under heavy injection
AT~20°C. The small change in temperature is not enough to justify the large change in peak

emission from LEDs, and further justify hot carriers and impact recombination as mechanisms of

increasing peak shift.
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Figure 135.- Heat Generation and Joule heat is concentrated in Ge body.
Ge pnn diodes bands seemed to properly confine the carriers as in Figure 136. Under
1.2V, band bending the material shows proper type | confinement of the carriers. Nevertheless

the behavior changes as higher bias is applied.
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Figure 136.- Simulation of band gap behavior under 1.2V on pnn Ge diode.
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The advantage of double heterostructures is the carrier confinement. The increase in
doping concentration bends the bands enough that for n+type Si contact the confinement is
reduced. As forward bias is applied the carriers confinement changes radically from type Il to

type I and then to presudo-type I, as seen in Figure 137.
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Figure 137.-pnn Ge band bending change from type Il to pseudo | underur:neavy bias.

The change in confinement changes the 1V characteristics expected from the device,
dividing the emission into the three areas defined by the confinement of the carriers. As seen
from Figure 138, from 1V to 1.3V, the type | behavior provides the best confinement, and higher
possibility of recombination. Other effects that might help the injection of the device are
momentum conservation of the carriers changing from Si to Ge, hot carriers and stronger

intravalley interactions.
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Figure 138.- pnn Ge diode simulation of current input at different voltages. Two different

behaviors are consistent with band bending in Ge device

7.2.3 Electrical Luminescence

Electrical characterization of the device showed a different behavior than expected from
simulations. The decrease in resistance is observed in IV measurements, as seen in Figure 139.
The I-V behavior is similar do other semiconductor diodes, as expected, but a decrease in
resistance is observed as injected carriers is increase. I-V measurement shows low resistance
<1Q, with sudden decrease on resistance. Spike anomalies are considered as noise in the
measurement. Such low resistance, and step-like behavior, is expected from heavily doped Ge

acting as a laser.
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Figure 139.- pnn Ge diode 1V characteristics. The ideality factor used is 2, and leakage current is

95% applied bias. Resistance is <1Q reaching limits of the characterization tool. Shoulder at

5mA is expected from laser behavior.

The device shows a large leakage current equivalent to ~88% of the bias applied. The

leakage current is derived from the diode formula and the applied bias V, with the equality

V:VD-||_R

where I is the leakage current, Vp bias applied on the device, and R is the series resistance.

Assuming an ideality of n~2 — common in LEDs and LDs — the leakage current is calculated.
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The high leakage voltage is expected from the band formation and the large carrier density
injected. The change in Voltage response close to 1V matches theoretical work.

Emission follows expected effect of confinement and loss. Mirror losses are estimated
~15.14 - 50.4cm™, assuming SiO; interfaces and lengths from 150um-300 um. Short integration
times assured wide spectrum analyses. Measurement time for these large laser devices is
ultimately limited by metal contact breakdown due to the high current flow. Figure 140 shows
the spectrum of an electrically pumped Ge laser below and above threshold. Below threshold,
Figure 140 (a), no emission can be detected due to the heavy modal losses. When the injection

current density is increased above threshold, sharp laser lines appear, as shown in Figure 140 (b).
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Figure 140.- Ge laser emission spectrum before (a) and after (b) threshold. The cavity length of
the waveguide is 333um and the waveguide height about 100nm. Current injection employed
pulse widths of 50us at 800Hz and 15°C. The detector spectral resolution was 1.2nm

The spectrum shows two lines. The estimate of the cavity free spectral range is 1nm, and

the line spacing, 3nm, is a possible multiple of the FSR. Quality factor, Q, of these devices is
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>540, which is expected from FP cavities. This can be due to absence of multiple transversal
mode, allowing for a better estimation.

Local device temperatures are likely higher due to the high current injection, as was the
case with Ge LEDs. Moreover, the temperatures could not be established with certainty, with a
measured value of AT~4K. Observed linewidth of the individual lines is below 1.2nm -the
spectral resolution of the measurement set-up. It suggests a lifetime of the carriers is smaller
<10 on the T valley.

Other devices showed similar emission without control of temperature, nevertheless, the
metal contact failure stops the device. SEM analysis through FIB cross-section (Figure 141)
shows that Si/Ge/Si heterostructure does not see any major changes in morphology. The metal
failure shows to be the main constrain during the analysis due to the heavy injection. Used of

Ti/AllTi permit to increase current densities 1 order of magnitude.

P

Figure 141.- Cross-section FIB of Ge pnn diode after failure mode occurs. Notice that Ge and Si

present no extra defects.
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Power spectrum, L-1 curve, shows a typical behavior for laser diodes, as seen in Figure
142. The measurement was taken using a wide instrumental spectral resolution of 10nm, at a
wavelength of 1650nm, monitoring a single laser line. The lasing threshold at about 280kA/cm?
is clearly visible. Optical emission power of this device is not representative of the maximum
power observed. The maximum power observed was up to 8 mW on ~1680nm. From the L-I
curve, 1;~9.8%, being in order with the calculations for intrinsic efficiencies. It was shown that
the maximum possible n;was limited by the Si contacts, with a value of~10% [173], due to
defficiency of injection of carriers. From possible maximum power, threshold and efficiency is

back calculated from,

hv  am;,

(I = Ien).

Pt = 7;
out l q ap+an,

If intrinsic losses are reduce, the maximum output power doubles to ~20mW. Mirror
losses are going to be expected, but the losses can be reduced through use of distributed feedback
gratings, or Bragg gratings. More efficient mirrors will increase the wall-plug efficiency another

order of magnitude
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Figure 142.- L-I curve for a 270um long waveguide device. 40us electrical pulses were used at

1000Hz. Measurement temperature was 25°C.
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The wall-plug efficiency of these devices is calculated as Pou/Pin~0.5-4%. The range is
determined through analysis of 1-V and L-I characteristics. The plug-wall efficiency is large
when both leakage current, hot carriers, and optical losses are taken into account.

The differential quantum efficiency can be extracted from these results [183]:

Am
am+a;’

Na =M
where «; is the intrinsic losses depending on the non-radiative recombination rate, spontaneous
radiative or stimulated radiative recombination rate and Auger recombination rate. Using the
stated assumptions for losses, the differential quantum efficiency is ~2.3%. This is relatively
small compare to other IlI-V lasers [184], but comparable to first bulk DH GaAs laser
demonstrated in Ref. [185]. Additionally, the extraction efficiency, n., of the device is
calculated ~53%, as expected from a double facet system.

The devices showed a lasing range from 1520nm to 1700nm. Figure 143 shows selected
laser lines between 1576nm and 1656nm for different Fabry-Perot cavities of the same gain
material. Different devices show a dependence on emission wavelength with threshold current
density, which is expected from the modal loss variation and confirms the theoretical conclusions
that the gain spectrum of Ge for the given doping level and strain reaches over more than 100nm
spectral width [186]. The shorter wavelengths show larger threshold current, as was expected

from theoretical work.
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Figure 143.- Spectra of Ge lasers with different Ge waveguide heights. The measured laser line
wavelengths are (a)1576nm, (b)1622nm, and (c) 1656nm.

Moreover, the device shows wider spectrum emission due to the BGN and BGR effect
caused by the degenerate band and the injection of excess carriers, as seen in Figure 144.
Theoretical work suggests a gain bandwidth of >300nm. The shorter wavelengths require larger
carrier density to obtain a net gain large to overcome losses, matching observed experimental
threshold current behavior. Experimental results show emissions wavelengths range is from
1520-1700nm, falling inside the range of theoretically calculated gain under 5x10"°cm™ carrier
injection. Dimensions of Ge waveguide — 1um width - permit different modes to be excited, and
coexist. Furthermore, CMP non-uniformities contribute to thickness variations, therefore

changing gain clamping conditions, preferentially selecting certain wavelengths according to

loss.
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Figure 144.- Calculated net gain in 4.5x10"cm™ n-type strained Ge. Bandwidth of emission is
>300nm.

The gain clamping conditions for the different devices were related to the thickness
variation. The cavity under lasing action optical gain can be approximated to a waveguide; it is
clamped at exactly the value of the resonant cavity losses. Furthermore, Ge thickness changes the
amount of mode leak into the metal. As Ge becomes thinner, resonant modes are leaked into the
highly-doped poly-Si cladding and into the lossy metal contacts.

Since the modal loss is the main source of losses, the facet light spectrum clamps will be
strongly modified by this loss. G, is the net modal gain equal to 'g — @; — ,,,. Since a; and
a,, depend on thickness of the device, and its length, the spectrum lines with larger gain are
correlated with the waveguides with smaller loss.

The wavelength corresponding to the Ge gain peak (the threshold injection level) and the

cavity loss is the expected emission wavelength of the device. As the modal confinement
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decreases with decreasing Ge layer thickness, modal loss and correspondingly threshold current
increases and the emission wavelength blue shifts. Burst-Moss blue shift is not significant in
these calculations. In Figure 145, we show spectral threshold conditions for two different modal
cavity losses using a parabolic band model, showing match with theory.

A Ge waveguide of 500nm thickness has a modal loss of about 90 cm™ due to losses in
the doped poly Si and the metal electrode (solid line). A Ge waveguide of 100nm thickness,
however, has a modal loss of ~1000cm™ due to the closer proximity of the mode to the electrode
(dashed line). To overcome the high losses of the thin Ge waveguide, a relatively high carrier
injection level is needed. Lasing is therefore expected at < 1520nm. For lower loss waveguides

we expect lasing to occur at longer wavelengths as shown in Figure 145.
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Figure 145.- Simulation of gain clamping condition for two different Ge waveguide thicknesses

(100nm: solid line; 300nm: dashed line). The axes plot the corresponding modal loss and gain
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spectrum for the two different injection levels that are needed to overcome the respective modal
losses and to achieve lasing.

From the calculations, it is possible to extract the radiative lifetime of the carriers in the
device. When calculating the threshold current density for a laser device, we obtain [187]:

_ noed+ai+ 1 l (1) J
= Gt () Jan@)

where = a% ,Tr 1S the minority carrier lifetime or recombination lifetime in n-type Ge; d is the

Germanium thickness; I" is the confinement factor which extracted from simulations; L is the
cavity length; R is the front and back mirror reflectivity calculated as 23%; a is the differential
gain ~2.44x10™* cm™?; and no is the injected carrier density at transparency which is ~0.5-
2.7x10%cm™. Notice that the current density has a linear relation with thickness of the material.
This is because thicker the material, the more carriers are required to achieve transparency. The
result for the radiative lifetime is less than <10”% being orders of magnitude lower than
previously measured.

The calculation does not take into account BGN or BGR, which change a(n) and no(n), as
a function of carriers. This would induce a smaller radiative lifetime, causing larger radiative
stimulated recombination.

The total losses in the waveguides suggest a total gain larger than 1000cm’, as was
calculated by Cai, et al [56]. The gain under 4.2x10*°cm™ dopant concentration exceeds previous
theoretical expectations [58], showing the need to add BGN to BGR for a complete picture of

gain behavior and light emission in Ge.
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7.2.4 Conclusion

We have observed lasing from electrically pumped n-type Ge Fabry-Perot cavities. The threshold
current densities decrease with increased modal confinement. The emission linewidth is less
than the 1.2nm resolution of our measurement set-up. Laser emission wavelengths were
observed between 1520nm and 1700nm with a variation consistent with the gain clamping
condition for each device. Measured output powers greater than 8 mW at room temperature
were measured. Internal quantum efficiency of 9.8% is close to theoretical calculated. A wall
plug-efficiency of 0.5-4% is calculated as a first generation Ge laser diode.
In summary,

First demonstration of Ge-on-Si DH laser diode

e Linewidth emission < 1.2nm

e Bandwidth emission larger than 200nm, matching theoretical expectation

e Correlation of modal losses with mode clamping according to Ge thickness
e Clear laser threshold behavior under high injection

e Output power up to 8mW, with plug-wall efficiency as high as 4%

Improvements in Ge growth, electrical contacts, and in modal loss reduction will
decrease the lasing threshold to values comparable with Fabry-Perot diode lasers. The high
power and observed gain spectrum of nearly 200nm indicate that the Ge laser could be used for
WDM applications. Since the laser can be monolithically integrated into any CMOS process

flow, novel device applications and systems can be developed.
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Chapter 8. Summary and future work

Epitaxial Ge-on-Si has a pseudo-direct band gap and compatibility with Si technology. Our
theoretical and experimental analysis has shown that Ge can be band-engineered to behave like a
direct gap material by using tensile strain and n-type doping; moreover, it can provide optical
gain, and inversion of carriers. We reported the first observation of direct band gap lasing
through photo- and electro-luminescence, showing the onset of optical gain of n+ tensile-strained
Ge-on-Si at room temperature.

We have shown a growth process that permits the formation of devices while retaining
<0.2% tensile strain in Ge. The need of a Ge buffer is questioned, and shown to be unnecessary
for heavily doped n-type narrowed waveguides of Ge under 2um width. Through different
growth techniques, we have shown a proper technique to measure the final thickness of the
devices grown in oxide trenches. We have also shown the Ge-P reaction depends linearly with
total pressure, affecting minimally the facet formation, which is partial pressure dependent.
Future work would confirm the effects under lower and higher total and partial pressures of the
active gases.

We showed effective methods of doping using CMOS compatible techniques. SOD
would be recommended for sample and optical material analysis. For electrical injection,
implantation and delta doping hold the best promise to increase the total active dopant
concentration, as observed. At the moment, the maximum dopant concentration is ~4.2-
5.5x10"cm™ achieved through delta doping and implantation. It is recommended to further
explored implantation technique samples due to the larger increase in active dopants that was

observed.
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We have demonstrated new understanding of Ge conduction bands under heavy doping.
The positive effects of temperature on Ge are more evident with increasing doping concentration.
Indirect Auger recombination and thermalization interactions present a plausible explanation for
the increase luminescence behavior. Both interactions represent a condition where the non-
radiative recombinations increase slower, or at the same rate, than radiative recombinations with
added dopant or increase temperature, differing from establish semiconductor theory.

We have validated the device concept with a monolithically integrated, Ge-on-Si LED
and LD that shows room temperature direct band gap electroluminescence in Ge. Ge-on-Si LEDs
have shown bleaching effect and appropriate temperature stability with Ge n-type doping
increase >1x10"%cm™. We verified Ge-on-Si optically pumped laser with a gain >50cm™; and
Ge-on-Si Laser with gain >1000cm’. Ge laser shows a bandwidth of >200nm, in accordance with
theory. Linewidths <1.2nm Further studies of the latter will confirmed the assumptions made in
modal losses and the impact on threshold current.

Ge-on-Si laser emits in the telecomm window; it is stable under high temperatures; its
maximum output power is similar than I11-V hybrid lasers at RT; and it is CMOS compatible. It
is our hope that this device can provide the technology for a new boom in opto-electronic

integration.

8.1 Applications

Germanium as a full integrated device has been explored along this thesis work. Ge as a laser can
be used for a full monolithically integrated laser emitting in the telecom range. Such bandwidth
emission permits a larger wavelength range than any previously known semiconductor laser,

making it ideal for wavelength division multiplexing applications (WDM).
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WDM applications can be divided into on-chip and out-chip applications. On-chip
applications are more suitable for computing. Growth of Ge on Si can be done parallel to
electronic chip applications, or as a back-end process. Ge thermal properties permits using it on
servers, databases and other high data applications in which cooling is a power drain.
Substituting Ge for 111-V lasers, which down perform at high temperatures, can alleviate the
cooling cost.

Evidence of emission up to 450°C, suggest that Ge LEDs can be used for extreme
environments. It is the only semiconductor, known to date, which has such behavior. This out-
chip application can be generalized to other areas such as a semiconductor optical amplifier
(SOA), fiber optics, etc.

Focus on high temperature semiconductors for light emission and detection research

could start with the use an implementation of Ge devices.

8.2 Future Work

The support of indirect band gaps on emission has provided the possibility of using Ge LDs for
high temperature applications, making it the only semiconductor capable of such feat. High
temperature studies are recommended for future work and analyze the effects on LEDs and LDs.
Further analysis of the defect concentration effects on luminescence is required to improve
processing of the devices.

It should be self-evident that a less lossy metal or upper semiconductor contact will
enhance the efficiency of the devices. However, using the same material as an upper contact,
Ge/Ge/Si diode will not work. Ge is highly absorbent. Since the upper contact would not achieve
transparency, the material will always absorb, as shown in Figure 146. The material will have

higher losses from optical modes.
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Figure 146.- Absorption of p+Ge/n+Ge/n+Si diode under different thicknesses of n+Ge

Internal Quantum efficiency limitation through the p+Si cladding could be solve with a
better hole injector, as Ge. 111-V materials might portray same problem as Si due to low hole
mobilities.

In p+Ge/n+Ge/n+Si device, alignment of the bands provides appropriate type |
confinement for the carriers for a certain biases. As bias increases, same problem observe with Si

is observe (Figure 147).
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Figure 147.- Band alignment of Ge/Ge/Si diode under heavy bias.

Change of n+Si cladding into larger bandgap will provide a stable type | carrier
confinement. A change of the substrate will lead to further difficulties in processing.

Research on implanted samples should be analyzed more carefully. The use of
recrystalline Sb or As coimplanted with P showed potential. However, heavy damage imparted
by the ions causes vacancy compensation and prevents observing doping enhanced diffusion.
The diffusion of the ions becomes slower than bulk P in Ge, resulting in a net loss of P instead of
an increase. This method should be analyzed more carefully with deeper implantation of ions.

Delta doping as a method for doping Ge has shown to be the best method by enhancing
the dopant concentration, preventing defect compensation and keeping the process in situ. It is
recommended to pursue this method in depth, and pursue multiple layers, instead of the
maximum of four layers of P treated in our study.

Further research on carriers lifetimes is necessary to confirm the interactions theorized in
this thesis. Using minority carrier lifetimes published in the past, does not account for the

different band gap we are using neither the possibility of increase radiative efficiency by increase
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carrier density in the direct band. Careful analysis of minority lifetimes is required to complete
the view in Ge.

Dopant diffusion behavior and mechanisms required further study. Available data only
involves heavily implanted material, which introduces a large amount of defects. As proven in
this thesis, active doping is not equivalent to total doping in the material. Defect compensation
of the total doping has to be study furthermore, as how the increase defect interactions prevent or
enhance the dopant diffusion.

It is recommended to explore further architectures of Ge devices cavities such as DBR,
DFB and coupled microdisks to observe better results of the devices. Lateral injection of the
devices also will hold better injection through the device, and provide less TM losses. Part of the
design future work is summarized in Cai et al. [56]. Uniform carrier injection is necessary in any
of the new designs to avoid lossy scattering points in Ge.

Using 111-V materials growth selectively on Ge would be the best option for lower index
and bandgap difference. Furthermore, I11-V materials might provide a surface with variable
tensile strain capable of improving the direct band. GaAs or InP would provide less leakage
current increasing the total wall-plug efficiency.

Better architectures improving confinement of carriers, better cavities and higher doping
in Ge will provide a better option to improve the overall efficiency of the laser devices. Ge paved

the way to Si electronics, now we can see Si paving the way for Ge opto-electronics.
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Appendix
Appendix. I RCA cleaning

The original RCA is based on a two-step oxidizing and etching treatment using
hydrogen peroxide solutions[122]. The first is rinse is in a high-pH solution in which the wafers
are placed at 80°C . On this condition a thin layer oxide is created and dissolve continuously in
the Si surface. This combination helps remove particles still on the wafer. The second solution
is low-pH which function is removing alkali ions and cations insoluble in the previous rinse.
Typical “Si RCA clean” steps for Ge growths are:
1) tank 1: H,0:NH4OH:H,0; (5:1:1) - 10 min- 80°C
2) rinse - rinserl
3) H,0O:HF (50:1) - 60 sec - RT
4) rinse - rinserl
5) tank 2 : H,O:HCI:H,0, (6:1:1) — 15 min - 80°C
6) rinse — rinser2
7) H,O:HF (50:1) - 30 sec - RT
8) rinse —rinserl
9) Spin dry

The second HF dip is to functionalize the Si substrate with H bonds. In typical Si

growths, this step is not necessary.

Due to the high concentrations of peroxide, and with the knowledge that high-pH with
peroxide etches Ge, a different RCA clean has been developed.

For the steps called "Ge RCA clean™:
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1) tank 1: NH40H:H20 (1:4) - 5 min
2) rinse - rinserl

3) tank 1: H202:H20 (1:6) - 30 sec
4) rinse - rinserl

5) HF - 15 sec

6) rinse - rinserl

7) tank 2: HCI:H20 (1:4) - 30 sec

8) rinse - rinser2

9) spin dry

This sequence minimizes Ge etched through the peroxide.
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Appendix II. Standard Ge growth
Ge growth consists of UHVCVD epitaxial growth on bulk silicon substrates with (100)

orientation and flats perpendicular to the [110] direction. Here we use the same growth process

as has been described in other works [25, 77].

The substrates are clean through a Piranha and RCA clean, described in Appendix I. A

thermal wet-oxide is created over the Si substrate. The thickness depends on the function of the

devices pursued. The final thickness of the Ge has to be considered when the oxide thickness is

chosen to permit the sidewalls of devices to be passivated with the oxide. The oxide growth

rate is described in Table 9.

Table 9.- Oxidation time versus thickness (Agmstrongs) chart. These are approximations and

should always be checked every 6 months.

Time (minutes)

Thickness

Dry

Wet

(A)

800 C

900 C

950 C

1000 C

1000 C

1050 C

40

30

50

45

100

25

200

70

30

500

130

60

1000

180

5:45

2000

22

3000

40

4000

60

5000

90

6000

75

7000

95

8000

122

9000

150

10000

200

It follows a lithographical step. Using the SSI 150 Coater prevents human errors and

reproducibility since this tool permits both coating and development of the photoresist. The
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usual thickness of the photoresist is 1 micron with PDC-1 photoresist. The steeper used for
lithography is the Nikon NSR-2005i9 which has the minimum resolution of 700nm. It allows
using a single mask to do different die exposures. It also allows further exposures aligned with
a resolution under 500nm. This is ideal for multiple lithographical steps such as for the design
of pnn devices.

After development of the resist, a reactive ion etching (RIE) is used through AME
Model P5000 or Lam Research Model 590. In both cases, a mixtures of gases of CHF3 and CF,4
as can be seen in Table 10.

Table 10.- Etch rates under different conditions (courtesy of E.Lim, MTL MIT)

Initialization | Stabilization Etching

Step 1 Step 2 Step 3
Gas CHF; 10 10 10 10 20 40
Gas CF4 40 40 40 40 30 10
Pressure 20 20 20 20 20 25
ECR 0 50 200 400 200 200
RF 0 20 20 20 20 20
Temp. 25 25 25 25 25 25
Rate
(A/sec) 10 20 10 10

Angle on under 700nm
oxide ~77 ~75 ~82 ~85

Removal of the photoresist followed through oxygen plasma etched with the Matrix 106
Plasma Asher. This process avoids damage of the Si substrate while removing most of the
photoresist.

A BOE etch removes any residual oxide in the prepared wafer. This has to be short to
avoid changing the angle etched through RIE. The expected etch is from 20-50nm oxide,
succeeding on leaving a pristine surface. Piranha cleaning, consisting of H,SO,4:H,0, 3:1 for 15

min, is used to clean any particles and photoresist left.
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To functionalize and clean the surface, a Si RCA clean is used, as shown in Appendix I.
Ge growth in Sirius UHVCVD happens immediately.

The wafers are heated to 750°C and H; flow to remove any native oxide and water
vapor in the surface. The temperature is decreased to 360°C to grow a buffer layer. The Ge
flow is 10sccm at a pressure of ~4mtorr. This low-temperature deposition permits a thin, but
highly defective Ge buffer epitaxy layer.

On top of the buffer layer, a high-temperature (650°C) growth of P doped Ge creates a
thick layer of high quality crystalline n+ Ge with an activated P concentration of up to ~1 x
10" cm™ [125]. P was flown at 12 sccm and Ge at 3.8sccm at a 9.8mTorr. The growth rate is
~5.55mTorr. The wafers are left to rest under high vacuum while cooling down, to avoid P
desorption and GeOy formation.

Any modifications a posteriori from this step are discussed in chapter 3.
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Appendix III. Highly doped Ge through Spin on Dopant

Starting with purchase 6” Si prime

wafers (100) .

dopant and SIN

Step | Lab

Machine

Action

1 ICL

Acid-hood

Piranha

2 ICL

RCA

RCA cleaning

3 SEL?

UHVCVD

Ge growth”

4 ICL

RCA

Ge recipe® [With
old wafers a bath
of 5min in HF
would be
succinct]

5 TRL

PMMA
Spinner

Spin PDC1-2000
(P Spin-on-
dopant)

6 TRL

Hot Plate

Hot plate bake
(200C for
20min) [ This
procedure is
intending to
remove the
organics]

7 TRL

STSCVD

Si02 50nm and
SiN 200nm
growth
(preventing
outgasing of P)

8 TRL

RTA

5min 800C

9 TRL

Acid-Hood

HF/H20 baths to
remove excess

Surface Engineering Lab in 13-1150
previously approved out-of-MTL process

previously approved recipe

- Baking for 3 min 100 Celcius
S0D - Deposition SOD 1000RPM 40sec
- Hot Plate for 5 min 200 Celcius

£ Intrinsic Ge film >

-1 hr Asher
(to remove all organics)

- making surface uniform
S
——— ___-'J

-Deposition of SiN
thickness 100-400nm

- 1-60 min RTA tests at 550-850°C
in Nitrogen filled chamber

-Remaval of SiN in HF 1:1

Figure 148.- Schematic describing process for increasing
dopant concentration through Spin on dopant.
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Appendix IV. n-Ge diodes

Process Step:

Starting with 6” wafers

Step | Lab Machine | Action
1 ICL RCA RCA cleaning
2 ICL Tube 5D | thermal oxide deposition
3 TRL EV1 patterning #1
4 ICL AMES500 | oxide etching, two alternatives:
0 1) RIE + BOE (for last 10nm
Ch. A oxide)
2) RIE only
(Fig. 1)
5 ICL Asher photo resist strip
6 ICL Piranha
7 ICL RCA RCA cleaning
8 [SEL* |UHVCV | Ge selectively growth with
D phosphorus in-situ doping. (Fig.
2)
9 ICL RCA Ge recipe®
10 |ICL DCVD PECVD oxide deposition (Fig. 3)
11 | TRL acid-hood | etch backside Ge by H,0O,
‘5‘ Surface Engineering Lab in 13-1150

previously approved out-of-MTL process
previously approved recipe

Purpose: To selectively growth nGe and fabricate isolated devices

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6



12 | TRL EV1 patterning #2
13 | TRL oxide BOE etching (Fig. 4)
14 | TRL Asher photo resist strip
15 | TRL RCA RCA cleaning
16 | TRL Tube B4 | amorphous Si deposition (560C)
(Fig. 5)
17 | Innovi phosphorus implantation
on
18 | TRL double Piranha
19 | TRL RCA RCA cleaning
20 | TRL Tube B3 | annealing (700C, 15min)
21 | TRL EV1 patterning #3
22 ICL AMES500 | poly-Si etching (Fig. 6)
0
Ch.B
23 | ICL Asher photo resist strip
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Appendix V. Ge Selective grown PNN device

Process Step:

Starting with 6” wafers

Step | Lab Machine | Action
1 ICL RCA RCA cleaning
2 ICL Tube 5C | thermal oxide deposition
3 ICL Stepper patterning #1
4 ICL AMES500 | oxide etching, two alternatives:
0 1) RIE + BOE (for last 10nm oxide)
ch.A 2) RIE only
(Fig. 1)
5 ICL Asher photo resist strip
6 ICL Piranha
7 ICL RCA RCA cleaning
8 SEL’ UHVCV | Ge selectively growth® with phosphorus in-situ
D doping. (Fig. 2)
9 ICL RCA Ge recipe’
10 ICL DCVD PECVD oxide deposition (Fig. 3)
12 ICL Stepper patterning #2
13 ICL oxide BOE etching (Fig. 4)
14 ICL Double photo resist strip
Asher

Surface Engineering Lab in 13-1150
previously approved out-of-MTL process
previously approved recipe
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15 TRL RCA Ge RCA cleaning
16 TRL Tube B4 | amorphous Si deposition (560C)
17 Innovion phosphorus implantation
18 TRL double Piranha
19 ICL RCA RCA cleaning
20 ICL DCVD Oxide deposition (200nm)
21 ICL Coater
22 ICL LAM Back Etching of Poly and SiO2
23 ICL BOE
24 ICL Asher Remove resist
25 ICL Piranha
26 ICL RCA
27 ICL RTP annealing (800C, 3min)
28 ICL Stepper patterning #3
29 ICL AMES5000 | poly-Si etching (Fig. 6)
Ch.B
30 ICL Asher photo resist strip
31 ICL Endura Contact Metal
32 ICL Stepper Patterning #4
33 ICL Rainbow Metal Etching
34 ICL Asher Photo resist strip

OR with DCVD Si grown

Process Step:
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Starting with 6” wafers n++Si

Step | Lab Machine Action
1 ICL RCA RCA cleaning
2 ICL Tube 5D thermal oxide deposition (500nm)
3 ICL Photo/i- patterning #1
Stepper
4 ICL AMES5000 oxide etching, two alternatives:
Ch. A 1) RIE + BOE (for last 10nm oxide)
2) RIE only
(Fig. 1)
5 ICL Asher photo resist strip
6 ICL Piranha Piranha
7 ICL RCA RCA cleaning
8 SELY UHVCVD Ge selectively growth'! with phosphorus in-situ doping. (Fig. 2)
9 ICL RCA Ge recipe™
10 ICL DCVD PECVD oxide deposition (Fig. 3)
11 ICL Photo/i- patterning #2
Stepper
12 ICL BOE station oxide BOE etching (Fig. 4)
13 ICL Asher photo resist strip
14 ICL RCA RCA cleaning Ge Recipe
15 ICL DCVD amorphous Si deposition (560C)

% surface Engineering Lab in 13-1150

" previously approved out-of-MTL process

12 . .
previously approved recipe
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(Fig. 5)

16 Innovion phosphorus implantation
17 ICL Piranha double Piranha
18 ICL RCA RCA cleaning
19 ICL DCVD Thin Oxide (25nm)
20 ICL AMES000 RIE backside etch( SiO2 etch)
21 ICL RTP Activation annealing (700C, 30sec)
22 ICL Photo/i- patterning #3 (Fig.6)
Stepper
23 ICL Asher Photoresist strip
ICL Coater coat photoresist on front side
26 ICL AMES5000 Etch Si Windows
27 ICL Asher Strip photoresist on front side (Fig. 7)
28 ICL Piranha Piranha
29 ICL Endura Ti/Al coating (50nm/500nm)
30 ICL Photo/i- Pattern #4
Stepper
31 ICL Rainbow Metal etcher
32 ICL Asher Strip photoresist on front side (Done in around 1 hour from last

step to avoid attack of the Chlorine of previous step on the
material)
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Appendix VI. Contact resistant experiment

Purpose: Determining the best metal contact for lower contact resistance with highly doped

silicon. This experiment is important for metal contacts in laser designs.

Starting material: 4 Si substrates p-/SiO2 500nm/ PolySi 200nm thickness silicon implanted

with P or B to a level of 1x10%cm™. The wafers have been processed in MTL through the

following steps, starting with bare Si substrate p-:

1-

2

4

a1
1

RCA ICL

Tube 5C ICL

RCA TRL

TubeB4 TRL

Innovion Implantation

Used structures for characterization include Kelvin Bridges and TRLTSs.

Process Step:

Step | Lab Machine Action

1 TRL Acid-hood Double Piranha

2 ICL RCA RCA cleaning

3 ICL DCVD Silicon Oxide Deposition (200nm)
4 ICL Coater

5 ICL LAM Backside Poly and Oxide removal
6 ICL BOE 30 sec oxide removal

7 ICL Asher Remove photo resist
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8 ICL Piranha Remove photo resist

9 TRL Cleaved wafer into 9 pieces

10 TRL RTA Ranges between 700 to 800 C for 3-5min

11 TRL Acid-hood BOE

12 TRL E-beam Metal Deposition (A series of metals will be
determined from the ones provided from TRL)

13 TRL EV1 Patterning for contacts

14 TRL Acid-hood Metal strip

15 TRL Asher Photo resist strip

16 TRL Tube B1 Metal Sintering

17 TRL IV-probe 2-point probe of metal contacts
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Appendix VII a-Si Long annealing for H outdiffusion

The process consisted of a long low temperature annealing providing time and temperature for
surface mobility and reduction of total hydrogen concentration in the body.

The process requires a quartz tube with controlled temperature with an error of +10°C.
The process times and temperatures are listed below:

1) 150°C - 8hrs

2) 200°C - 8hrs

3) 250°C - 8hrs

4) 300°C - 5hrs

5) 350°C-3hrs

6) 400°C-1hr

7) 420°C-30min
This long process assures loss of the hydrogen and permits further processing with the low

quality Si.
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Appendix VIIIL Threshold energy for CCCH indirect Auger

This derivation was based from Coldren and Corzine [178]. The momentum and energy
conservation laws have to be conserved in between different carriers, such that initial stage

equals final,
Ky +k,=ks+k, & AE, +AE,=—(E+AE;) +AE,

where k is the momentum vector in k-space and E is the energy reference used in chapter 2. In
order to determine the threshold energy E for an auger process, we have to find the minimum

energy for AE,.

To simplify the problem, we assume that all the bands are parabolic, such that

kik;
Meff

AE; « , such that mes is my for i=1 ,2; mp for i=4; and myy, o1 for i=3. We add the

operators T = mp/my, and 4 = myp, or1n/ My, to further simplify i=3 & 4. Notice that light holes
(In) and heavy holes(hh) are differentiated since their effective mass is different and will change

the outcome of the Auger interaction.

The energy at i=4 will be independent of changes in k, ergo, the differential of d(AE,)
equals zero. Furthermore, d(AE;) x k; - dk; + dk; - k;.After rearranging and differentiating the

conservation laws, we obtained,

Tk4'dk4_=k1'dk1+k2'dk2+‘uk3'dk3=0 & dkgzdk1+dk2_dk4

Replacing dk; on the energy differential, and knowing that k,=k,,

Z(kl + ‘le3) " dkl - ‘le3 - dk4 = 0
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As AE, is minimized, and k, - dk, = 0, then k5 - dk, = 0 since k,||ks. After substitution of the
relevant terms, k; = —uks and k, = —(1 4+ 2u )k;. Consequently, the most possible Auger
transition happens when all four transitions are collinear. Since k5 direction is unknown, we
assume two collinear behaviors. Using the equalities and the energy conservation law, it results,

2 1 2
k3 = k
Qu+D(E+2ut—p) 9

The energies of the four states can be derived from this, where

UCL DN
(t+2pt-p) 9

_ _ _ p? _
AE, = AE, = pAEy = o Eg and AE, =

This results into two different threshold energies, depending if heavy holes or light holes are

used in the transition. The threshold energy for CCCH indirect becomes,

(2my, + Mpp or 1n)
E-=AE,=m E
r * hhor i (Mpp or 1n + 2my, —my) ¢
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