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Abstract

Si photonics is a rapidly expanding technology that integrates photonic circuits onto a Si substrate.
The integration of Si electronics and photonics has been a successful technology for a wide range
of applications. Group-IV alloy GeSn has drawn great attentions as a complementary metal—oxide—
semiconductor compatible optoelectronic material for Si photonics. The devices based on GeSn
alloy could be monolithically integrated into well-established and high-yield Si integrated circuits,
which is favorable for chip-scale Si photonics featuring smaller size, lower cost, and higher
reliability.

The relaxed GeSn with high material quality and high Sn composition is highly desirable to cover
mid-infrared wavelength. A systematic study of GeSn strain relaxation mechanism and its effects
on Sn incorporation during the epitaxy via chemical vapor deposition was conducted. It was
discovered that Sn incorporation into Ge lattice sites is limited by high compressive strain rather
than historically acknowledged chemical reaction dynamics, which was also confirmed by Gibbs
free energy calculation. Following the discovered growth mechanism, a world-record Sn content
of 22.3% was achieved. Even higher Sn content could be obtained if further continuous growth
with the same recipe is conducted.

The GeSn laser with higher Sn content is highly desired to cover longer wavelength in mid-infrared.
This work demonstrated optically pumped edge-emitting GeSn lasers under two different pumping
lasers with 1064 and 1950 nm wavelengths. The device structure featured Sn compositional
graded with the maximum Sn content of 22.3%. Under the 1950 nm pumping laser, the GeSn laser
achieved the world-record near room temperature lasing (270 K). The corresponding lasing
wavelength has been extended up to 3442 nm, an unprecedented GeSn lasing wavelength so far in

the world.



The GeSn/GeSn/GeSn single and double quantum wells were also investigated to further improve
laser performance. The unintentional Ge interlayer between barrier and well region of QW
structure was removed by introducing the GeSn with variable Sn content as the buffer layer. As a
result, the QW structure was demonstrated as the true type-I and direct bandgap structure, which

is advantageous for the optoelectronic devices.
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Chapter 1.  Introduction

1.1. Motivation
Silicon (Si) photonics is a rapidly expanding technology that integrates photonic circuits onto a Si
substrate, which has seen progressive growth since 1980s and 1990s[1][2][3]. Si photonics was
initially motivated by the needs of broadband fiber optic communications which enable the high
data densities and transmission over longer distance[4][5]. The integration of Si electronics and
photonics has been a successful technology[6][7] and has been developed a wide range of
applications such as night-vision imaging, solar, LIDAR, optical sensing of chemistry and biology
and so on[8]. Nowadays, three approaches have been proposed to integrate electronics and
photonics: 1) Putting electronics and photonics on separated chips; 2) Bonding the electronics and
photonics components on a single chip; 3) monolithically optoelectronic integrated circuits. The
third approach is more advantageous because of the seamless and robust process and large

scalability of devices.
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Figure 1.1 The schematic diagram of a complete set of silicon photonics transceiver.

The complete set of components for Si photonics transceivers was schematically drawn in Figure

1.1. The optical data-out module starts from the Laser arrays with multiple wavelengths as the



light sources. The optical signals with different wavelength were then transmitted in parallel by
low-loss strip waveguide, followed by the Modulator which converts electrical data into optical
data. The modulated optical data in multiple lines were filtered by the Multiplexer. Finally the
selected optical data by the Multiplexer was coupled into the Fiber. For the data-in module the
optical data was firstly transferred from Fiber to strip waveguide by Fiber Coupler. After the De-
multiplexer Filter, the optical data was finally converted into electrical data by the Detector.
Among all the Si photonics components an efficient light source integrated on Si substrate is still
missing. In order to achieve this goal, laser devices based on III-V semiconductor materials such
as InP[9] or GaAs[10] were employed to integrate on Si based platform by using the selective area
growth[9] or wafer-bonding[ 1 1] approach. The III-V based laser devices integrated on Si are called
hybrid silicon lasers. However, I1I-V semiconductor materials are different from Si substrate in
lattice constant, thermal expansion and chemical polarity, which greatly increase the fabrication
costs. Group IV materials are highly desirable due to the similar chemical and physical properties
with Si, which enables the fabrication of highly sophisticated Si photonics devices at lower costs
than those currently required for III-V compound semiconductors. The Si Raman laser[12][13]
and rare-earth-ion laser on Si[14] were reported, which rely on the non-bandgap emission and
exclude from the direct electrical pumping. Electrically pumped n*-doped tensile-Ge laser on Si
has been demonstrated at room temperature[ 15] [16][17]. However, none of these approaches have
led to satisfactory results so far.

GeSn alloy has drawn great attentions as a complementary metal-oxide semiconductor (CMOS)
compatible optoelectronic material for Si photonics[18][19]. The devices based on GeSn alloy
could be monolithically integrated into well-established and high-yield Si-based integrated

circuits, which is favorable for chip-scale optoelectronics devices featuring smaller size, lower



cost, and higher reliability. Unlike the traditional group-IV semiconductors i.e. Si and Ge with
relatively low light emitting efficiency, the direct-bandgap feature of GeSn with sufficiently high
fraction of Sn is favorable for light emitting devices. GeSn with Sn composition over 8% could
become the direct bandgap material[20][21], which is advantageous for efficient light source. As
shown in Figure 1.2 (a), Ge is an indirect bandgap material in which the fourfold degenerate
indirect valley (L-valley) in conduction band lies 140 meV below the direct valley (I'-valley). For
GeSn alloy both direct and indirect bandgap decrease due to Sn incorporation while the direct one
shrinks faster than the indirect one, which was shown in Figure 1.2 (b). As a consequence, GeSn
passes the indirect-to-direct bandgap transition for Sn contents more than 8% (Figure 1.2 (c))[21].
Additionally, by tuning Sn composition the GeSn-based devices with multiple operating
wavelengths are easily achieved, enabling the broad coverage of mid infrared wavelength from 2
up to 12 pm. The low temperature epitaxy of GeSn on Si compatible with existing CMOS

processes makes GeSn more attractive for optoelectronics applications.
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Figure 1.2 (a) Band structure of bulk Ge shows the indirect bandgap characteristics. (b) GeSn with
Sn content more than 8% exhibits the direct bandgap characteristics. (c) The transition between
indirect and direct energy bandgap of GeSn as a function of Sn composition.



1.2. Growth technology for GeSn

From material growth perspective, the epitaxy of single crystalline GeSn with high material quality
is challenging due to the following factors: 1) Low (<1%) equilibrium solid solubility of a-Sn in
Ge[22]: Since Sn atoms exhibits a comparably low free surface energy, Sn atoms tend to segregate
during the epitaxy growth and form B-Sn clusters[23][24]. ii) Small temperature window for GeSn
epitaxy growth: Low temperature is required for high Sn incorporation to suppress Sn
precipitation. However, low temperature growth easily leads to epitaxial breakdown for thick film
due to the severe surface roughening[25]; iii) Large lattice mismatch (~15%) between Ge and a-
Sn, making GeSn epitaxy with smooth and high quality material difficult.

Benefiting from the maturity of epitaxial technology, such as molecular beam epitaxy (MBE), and
chemical vapor deposition (CVD), high quality single crystal GeSn could be grown under non-
equilibrium conditions. The non-equilibrium growth of GeSn introduces Sn contents higher than
the thermal equilibrium solid-solubility into substitutional lattice sites of Ge. Figure 1.3 shows the
major achievements of GeSn epitaxy using both MBE and CVD techniques. The first attempt to
grow GeSn alloys was based on MBE technology in 1980s and 1990s. Several substrates including
InP[26], GaAs[27] and InSb[28], et al. were utilized in MBE in order to grow GeSn on substrates
with the lowest lattice mismatch. High quality epitaxial Sn-rich GeSn alloys with Sn content
>92%][27] and >87%][28] were achieved on InSb or InSb/GaAs substrates and the corresponding
GeSn thickness is up to 150 nm. For Ge-rich GeSn, the ultra-high Sn content of 27% with low
temperature MBE growth was achieved on InP substrate[29]. In terms of the conventional Group
IV substrate such as Si and Ge, the first single crystal ultra-thin GeSn layer (<2 nm) on Ge was
reported in 1992 and high Sn content up to 10% was achieved[30]. The growth of pseudomorphic

GeSn layers with Sn content between 3.5% and 11.5% was grown on Ge using ion-assisted MBE



technique[31]. The thickness was obtained between 50 and 200 nm. However, the low temperature
(100-200°C) growth as well as limited layer thickness for single crystal hinders the GeSn growth
with device-level material quality. Recently the single crystal GeSn with high Sn content of 18.5%
was obtained on Si-based Ge buffer using low temperature MBE growth, although the thickness

is limited within 100 nm[32].
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Figure 1.3 The overview of major achievements of GeSn growth since GeSn was first mentioned.
Two growth techniques of MBE and CVD were mainly employed in the history of GeSn epitaxy.

CVD technique for GeSn epitaxy has made significant progress as it promises the uniform and
homogenous GeSn epitaxy for the mass production of optoelectronic devices. One of the important
factor for CVD growth is to choose a suitable Sn precursor. The first CVD grown GeSn on Si was
reported by Kouvetakis and Menendez et al[33][34]. They introduced the ultra-high vacuum
(UHV) CVD for high quality GeSn using Digermane (Ge:Hs) and Tin Deuteride (SnD4) as
precursors. The corresponding Sn contents range from 2 to 15% on Si substrate at the temperature
from 250-350°C, respectively. The same group also reported the first photoluminescence (PL)
result in 2007[35]. The atmospheric pressure CVD was adopted for the epitaxial Ge.92Sno.0s on Ge
substrate at the temperature of 320°C. The commercial available precursors GeoHs and SnCls were
used. Since then, many studies on GeSn alloy focus on the high quality, high Sn content and thick
GeSn. High quality GeSn with 12.6% Sn content has been grown using GeoHs and SnCls as
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Table 1.1 The summary of MBE and CVD growths of GeSn.

Growth Research team Sn Ge Major achievements
method Source/Precursors | Source/Precursors J
Standard . .
MBE University Solid Sn source Solid Ge source | Sn%: up to 10%[45]
Universitv of Thickness: up to 100
MBE Del }r] Solid Sn sources | Solid Ge source | nm Sn%: up to
claware 18.5%[32]
University of Thickness: up to 200
MBE Stutt azt Solid Sn sources | Solid Ge source | nm
& Sn%: up to 18%[46]
MBE Na%(;lriitjs?zyan Solid Sn source Solid Ge source | Sn%: up to 7.8%[47]
National Thickness: up to 50
MBE University of Solid Sn source Solid Ge source | nm
Singapore Sn%: up to 17%[48]
MBE/ Serﬁiﬁ?&ﬁcﬁgrs
Magnetro . ’ . . Thickness: 140 nm
n Sputter Chinese OAfcaderny Solid Sn source Solid Ge source Sn%: up to 12%[49]
Eprtaxy Sciences
Hot-Wall .
UHV- A[rjlz‘.’na S.tate SnD4 Gezgé’ ge3H8’ Sn%: up to 17%[50]
CVD niversity esHio
Sn%: up to
Stanford
RP-CVD University/ SnCls GezHs Sn%: up to 8%][52]
Applied Materials
, Thickness: up to 1
RP-CVD Petigﬁ?:erg SnCly GeaHs um
Sn%: up to 14%[36]
Thickness: up to 200
nm
RP-CVD CEA-LETI SnCly GexHe Step graded Sn
composition layer
Sn%: up to 16%[39]
ASM/University TI}ECkHGSS: upto 1.2
RP-CVD of Arkansas/ SnCly GeH4 K
Arktonics LLC Sn%: up to
22.3%[44]
UHV- University of
CVD Arkansas/ SnD4/SnCly4 GeH4 Sn %: 5%-7%
Arktonics LLC




precursors[36], with the thickness up to 1 um. The high quality of GeSn results in superior optical
properties, which was evidenced by strong light emission of photoluminescence (PL) and
electroluminescence (EL)[37][38]. High Sn incorporation up to 16% has been achieved using the
step graded method using the same growth chemistry[39]. High order Ge hydrides such as Ge3HS8
or Ge4H10 were also utilized for GeSn growth in order to pursue high Sn incorporation[40]. Those
highly reactive Ge hydrides enable the high growth rate at low temperature due to their weak Ge-
Ge molecular bond to favor more Sn incorporation. However, GeH4 as precursor for GeSn growth
remains very attractive for industrial manufacturing due to its low cost and high thermal stability
at room temperature[41][42]. We previously reported low-defect and thick GeSn growth with Sn
incorporation up to 17.5% using GeH4 and SnCl4 as precursors[43]. Table 1.1 summarizes the
GeSn epitaxy within the worldwide research group by both MBE and CVD techniques. It is
noteworthy that so far the world record Sn incorporation has been achieved up to 22.3% by our
collaborator of ASM Company[44]. The corresponding thickness of GeSn is up to 1.2 um, which

1s sufficient for the device fabrications such as GeSn laser and detector, etc.

1.3. Growth mechanism of GeSn
The mechanism of CVD process for GeSn epitaxy could be understood by chemical reaction of
precursors on the surface. Specifically, the chemical reactions include surface adsorption,
decomposition, adatom migration and byproduct desorption and so on[53][54]. Figure 1.4
describes the hydride elimination pathway of GeHs on the Ge (001) surface, which consists four
subsequent Ge-H bond dissociation processes[55][56]. The hydrogen atoms in GeHs are
eliminated gradually by thermal decomposition kinetics on the surface. Each step depends on the
empty sites on the surface. If the surface is mainly covered by hydrogen atoms, the growth rate is

limited[57]. The hydrogen elimination process could be described by the following chemical



reactions with the available surface sites involved[58][59]. The symbol * stands for the available

surface sites.

1% step: GeHs (g) + 2*—H*+GeHs*, Equation 1.1
2™ step: GeHs* + *— H*+GeHy*, Equation 1.2
3" step: 2GeHo* — Ha (g) + 2GeH*, Equation 1.3
4% step: 2GeH* — Ha (g) + 2*+film, Equation 1.4
5% step: 2H* — Ha (g) + 2*. Equation 1.5

In the 1% step of chemical reaction, two open surface sites are consumed while in the 2" step of
reaction one open site is consumed. In the 4™ and 5 steps, two open sites on the surface are
generated, respectively. The free surface sites are temperature dependent, which is critical for the
growth rate. At the high temperature, a large number of open sites are generated, leading to the
high growth rate. In contrast, at the low temperature the growth rate is limited because of the high
coverage of surface sites. A “feedback action” of the open sites will control the growth rate during

the continuous GeSn growth[60]. The reaction rate of the 3™ and 4" steps affects the rate of

reaction in the 1% and 2™ steps via controlling the coverage of open sites on the surface.
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Figure 1.4 Schematic mechanism of hydride elimination pathway describing GeHs chemisorption
on the Ge (001) surface.



The liquid SnCls4 was used as the Sn precursors for the CVD growth of GeSn in the dissertation.
In order to deliver the liquid SnCly into the CVD reactor chamber, two methods are utilized. The
first method is to use the vapor pressure because of the volatility of SnCls. The vapor pressure of
SnCls at room temperature is 20 mmHg (1333.3 Pa). More vapor pressure could be obtained by
heating up the SnCls cylinder, providing a flexible availability of the partial growth pressure of
SnCly during the CVD growth. This method was usually adopted in UHV-CVD system. However,
in the RP-CVD system, the partial pressure of precursors must be higher than total pressure in the
reaction chamber in order to deliver the precursors into the chamber. Therefore, the first method
by using the vapor pressure to deliver SnCly is not applicable. The second method is to use bubbler
system. In this system the carrier gas such as argon or hydrogen could bubble inside the liquid
SnCly and deliver the SnCly from SnCls cylinder into the reaction chamber. The carrier gas is
metered by mass flow controller (MFC) to control the flow rate of SnCls. This method could be

used not only in UHV-CVD system but only in RP-CVD system.
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Figure 1.5 The possible reaction pathways of the SnCls4 thermal decomposition.

The kinetics of thermal deposition of SnCls precursor on the surface of film was also studied, as
shown in Figure 1.5. The SnCls decomposes into one Sn atoms and four chlorine atoms via the
chlorine elimination pathway, similar with GeHs dissociation process shown in Figure 1.4.

However, due to the low thermal dissociation energy of SnCl4, more reaction steps are involved



during the decomposition process. The specific reaction mechanism was described as the following

steps[61]:

1% step: (a) SnCly+2* — SnCl3*+Cl*; Equation 1.6
(b) SnCli+* — SnCL*+Cla;

2" step:  (a) SnCls* + * — SnCly* + CI*; Equation 1.7
(b) SnCls* — SnCI* + Cl;

3" step: (a) SnCl* + * — SnCI* + CI*; Equation 1.8
(b) SnCly* — Sn* + Cly;

4 step:  SnCl* + * — Sn* + Cl*; Equation 1.9

Sthstep:  H* + C1* — HCI (g) + 2*. Equation 1.10

The Sn-Cl dissociation steps (a) for each step are energetically favorable reactions in the
decomposition pathways. Finally the SnCls decomposes into one Sn atoms and four chlorine atoms
at the 3 step (b) and the 4™ step. The first step is a rapid process because the reaction energy
barrier of (a) and (b) at the 1% step is low and could be negligible. In contrast, the 3™ and 4 steps
are initiated to produce both Cl and Sn atoms slowly because of the high reaction barriers. One
thing should be noted is that the gaseous HCI is formed at the 5 step during the dissociation of
SnCl4, which introduces the chemical etching of Ge during the GeSn epitaxy[62]. The etching
reaction could be expressed as
Ge (s) + HCI (g) — GeCl2 (g) + H2 (g) Equation 1.11

The etching rate is both temperature- and pressure- dependent, which is similar with the growth
rate. It indicates that the growth mechanism of GeSn is different from the traditional Ge epitaxy.
The GeSn was grown with the competition between etching and epitaxy process. Under some
specific conditions the etching rate is larger than the growth rate, resulting in the difficulty of GeSn

epitaxy. Therefore, the growth window of GeSn is much narrower than Ge.
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Figure 1.6 The possible reaction pathways of the Ge;He thermal decomposition.

The thermal decomposition of the second order Ge hybrids Digermane (Ge:Hg) was studied as
well, as shown in Figure 1.6. Compared with GeHs, Ge;Hg experiences the lower dissociation
energy because of its weaker atom bonds. High growth rate of GeSn could be ensured by using
GexHs as the precursor, especially at the low growth temperature. The thermal decomposition of
GezHg follows the normal hybrid elimination pathways, similar with that of GeHs. The growth rate
through hybrid elimination mainly depends on the availability of open surface sites. However, a
new “concerted” growth mechanism was proposed to explain the high growth rate by using Ge,He
as the precursor[63]. The Ge-Ge bond is much weaker than Ge-H bond in GeoHg molecules, which
means that GexHs could be easily dissociated into two GeHs* fragment bonds. The GeHs* firstly
replaces the surface sites which was previously occupied by the hydrogen atoms. Then the
remaining GeHs* will react with H* and form a GeHs molecule as byproducts. The reaction could
be written as[63] [64]:

GezHs (g) — GeHsz™* + GeHs*; Equation 1.12

2GeH3* + H* (Film) — GeHs™* (Film) +GeHs (g). Equation 1.13
This process is independent of the availability of open surface sites. Therefore, Ge2Hs will ensure

the high growth rate through the new “concerted” growth mechanism.
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1.4. Progress of GeSn laser
High quality direct bandgap GeSn alloy was investigated in recent years as gain medium for laser
application. Figure 1.7 presents the timeline of development of GeSn lasing. The optically pumped
microdisk resonator of pseudomorphic Ge/Geo.92Sno.0s/Ge quantum well was firstly demonstrated
in 2013[52]. The whispering-gallery-mode (WGM) resonances were observed. However, the
Pseudophorphic Geo.92Sno.0s in microdisk is still indirect bandgap material due to the large
compressive strain and no indication of lasing was shown. Later on, High quality relaxed GeSn
grown on Ge buffer by chemical vapor deposition features true direct bandgap characteristics and
enables the edge emitting lasing with operating temperature up to 90 K[65]and 110 K[66]. The
temperature-dependent PL indicates transition from indirect to direct bandgap for partial relaxed
GeSn with more than 10% Sn. The modal gain with the value up to 110 cm™ was measured using
variable stripe length method[65]. Optically pumped GeSn microdisk with significant
improvement of lasing temperature of 130 K and lasing threshold of 220 kW/cm? at 50 K was
presented by the same research team[67]. The compressive strain is gradient relaxed from the
center to the edge of microdisk due to the undercut etching. The devices based on GeSn with high
Sn content is highly desirable to extend the wavelength coverage well into mid infrared range for
sensing applications. Optically pumped lasing of GeSn microdisk with 16% Sn was also
demonstrated at 3.1 um with operating temperature up to 180 K[68]. The corresponding lasing
threshold is 377 kW/cm? at 25 K. Step graded GeSn was utilized to increase Sn incorporation and
improve the material quality. Recently, the optically pumped edge emitting GeSn laser on Si was
realized by Dr. Fisher Yu’s research group with broad wavelength coverage from 2 to 3 um[43].
The highest lasing temperature was measured as 180 K which is attributed to the high material

quality and robust fabrication process.
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Figure 1.7 The timeline of the development of laser of GeSn since 2013.

1.5. Organization of this dissertation

The main goal of this dissertation was divided as the following: 1) To pursue the high quality and
high-Sn-content GeSn by CVD technology; 2) To achieve the room temperature GeSn laser
devices; 3) To obtain the true type-I GeSn/GeSn/GeSn quantum well structure. Following the
above-mentioned objectives, this dissertation could be organized with nine chapters. Chapter 1
firstly introduced the background of GeSn as a group IV material for the potential light sources of
Si photonics. The development of growth technologies such as MBE and CVD was then discussed
since 1982 when the GeSn material was firstly grown by MBE. The growth mechanism of CVD
technique was discussed. The dissociation processes of precursors such as GeHs, Ge2Hg, and SnCly
were introduced. After the growth of device-level GeSn alloy, the progress of GeSn lasing
including the edge emitting laser and microdisk was summarized.

Chapter 2 talked about the growth progress by using the custom designed UHV-CVD system. High
quality Ge on Si substrate was grown by low/high temperature two-step epitaxy. The Ge film was
then characterized by various measurement tools including PL, Raman and Ellipsometry, etc. The
function of hot-filament module was explored and Ge on Si was grown and characterized. Plasma
enhanced CVD growth of GeSn was studied for the first time worldwide. Buffer free GeSn on Si

substrate was successfully grown. The high quality GeSn growth on Ge buffered Si substrate by
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the standard UHV-CVD system was also investigated. The exploration of Ge(Sn) growth by UHV-
CVD system provides the vital guidance for the future epitaxy of group IV materials.

Chapter 3 discussed the band structure calculation by K.P method. The stain effects were then
included in order to provide more accurate description of GeSn band structure. Chapter 4 showed
the strategies of pursuing the high Sn-content GeSn by RP-CVD system. The underlying
mechanism of spontaneous Sn gradient GeSn films was discussed. It was attributed to the
compressively strain effects on Sn incorporation. Various methods such as SIMS, EDX, and XRD
were employed to confirm the spontaneous Sn-content GeSn on Ge buffer. Chapter 5
systematically studied the strain relaxation mechanism at both GeSn/Ge interface and the region
beyond the critical thickness. This chapter reveals microscopically the strain relaxation process by
high resolution TEM technique. Chapter 6 utilized Gibbs free energy calculation to well explain
the strain effects on the Sn incorporation, providing the theoretical support of strain engineering
to pursue the high Sn-content GeSn. The interplay between compressive strain and Sn composition
was also discussed and the methods to grow even higher Sn-content GeSn was proposed.

Chapter 7 discussed the GeSn lasing devices by using the world-record 22.3% Sn-content GeSn
alloy. The PL measurements were firstly conducted to explore the optical properties of GeSn alloy.
The initial lasing study of GeSn devices demonstrates the feasibility of 22.3% Sn-content GeSn
for device applications. By optimizing the configuration of lasing setup and adopting large size of
GeSn devices, the near room temperature was finally achieved, which is the world-record
performance. Chapter 8 talked about the advanced structure of GeSn/GeSn/GeSn QW. The initial
study of GeSn QW reveals the existence of unintentional GeSn interlayer between barrier and well
region. The Ge interlayer was removed by adopting the GeSn buffer instead of Ge buffer. The true

type I GeSn/GeSn/GeSn QW was achieved, which was confirmed by the temperature dependent
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PL measurements and theoretical study of band alignment of QW structure. Chapter 9 summarized

the research work in this dissertation and proposed the future work.

Chapter 2. High quality Ge and GeSn by UHV-CVD
2.1. Ultra-high vacuum chemical vapor deposition (UHV-CVD)

The customer-designed UHV-CVD has been built up by our research group for the group IV
epitaxy of Ge, SiGe, and (Si1)GeSn systems. Figure 2.1 (a) shows the overview of cold-wall UHV-
CVD system. The system composes of two chambers: the load lock chamber and the process
chamber. The load lock chamber was designed to prevent the process chamber from exposing the
atmospheric contaminants. Si wafers were RCA-standard cleaned prior to epitaxy in the
cleanroom. The lowest pressure of process chamber is 107!° Torr and the growth temperature could
be achieved as high as 1000°C. The inert gas of argon (Ar) and commercialized available GeHs
were used for Ge, SiGe, and (Si)GeSn epitaxy. Sn precursor of SnCls was used for (Si)GeSn
growth. In addition, UHV-CVD system was equipped with the unique plasma module and hot
filament module. Both modules could help break atomic bonds of precursors and improve material
quality of GeSn. Both modules also increase growth rate at low temperature and thus lead to high
Sn incorporation since more Sn atoms are buried in Ge lattice matrix at high growth rate. The CVD
system was also upgraded by adding new gas maxing system to precious control flow fraction of
precursors. The whole gas mixing system was installed inside the gas cabinets which was air
exhausted by the mechanical fan. The schematic diagram of gas mixing system was shown in
Figure 2.1 (b). The base pressure was kept as 10 Torr to prevent the leakage of precursors during
the mixing process. Prior to the CVD epitaxy, the precursors such as GeHs, SnCls was delivered
into the mixing bottle for the uniform gas mixing. The molar fraction of each precursor was

monitored by the Residual Gas Analyzer (RCA). The agitator was used within the mixing bottle
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to maintain the uniformity of mixing. Gas mixing system helps improve mixture of precursors and
thus homogeneity of GeSn epitaxy. Through gas mixing system a large range of gas flow ratio

could be easily tuned in order to explore the optimized epitaxy window of UHV-CVD system.
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Figure 2.1 (a) The overview of customer-designed cold wall UHV-CVD system. (b) The schematic
diagram of gas mixing system.

2.2. Two-step Ge buffer on Si
2.2.1. Ge growth on Si
Low/high temperature two step Ge buffer was firstly investigated in order to explore the growth
ability of CVD machine. The Ge buffer growth benchmark the CVD growth for the guidiance of
GeSn growth. The Ge buffer could also act as the buffer layer between Si substrate and GeSn layer
to accommodate the large lattice mismatch between Si and GeSn. For the first step Ge growth, the
temperature from 350 to 400 °C is used while for the second step the growth temeprature ranges
from 500 to 600 °C. The growth pressure is kept at 1 Torr for both step growths. The growth time
is 5 and 20 minutes for the 1% and 2" steps, respectively. All the surface of Ge buffer is mirrior
like, sugesting that the low surface roughness. After the growth, the thickness infromation was
obtaiend by data fitting of Ellipsometry measurements. Figure 2.2 (a) shows the growth rate of Ge

as fucntion of growth temeprture of the first and second steps. As the temeprature increases from
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500 to 600°C at the second step, the growth rate increases dramatically. The activation energy was
extracted as E,=1.07 eV using the following equation: GR = GR, * exp(— i—;), where GR is the

growth rate and £, represents the activation energy and k7'is the product of the Boltzmann constant
k and the temperature 7. The activation energy of our growth is comparable with the published
results[69][70]. The growth rate V.S. dilution ratio of GeHs and Ar was also investigated, as shown
in Figure 2.2 (b). When the dilution ratio increases from 1:200 to 1:50 at different temperature

condition, the growth rate increases, as expected.
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Figure 2.2 (a) The second step temperature V.S. the average growth rate. (b) The growth rate as a
function of dilution ratio of GeHs and Ar. During the growth GeHy acts as a precursor of Ge buffer
while Ar was used as the carrier gas.
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Figure 2.3 Ge-Ge LO Raman shift and Si-Si TO Raman shift with different thickness of Ge film
on Si.

Raman spectroscopy was employed in order to probe the crystallization of two step Ge samples.
The continuous wave (CW) laser with the wavelength of 632 nm was used as the excitation source
of Raman measurements and the laser power was 10 mW. The reflected Raman scattering light
was collected by spectrometer and nitrogen-cooled CCD (Charge Coupled Device) arrays. Figure
2.3 shows the Raman spectra for two step Ge films with the thickness ranging from 2 to 118 nm.
The peak intensity of Ge-Ge longitudinal optical (LO) mode increases significantly when the
thickness of GeSn increases. Meanwhile, the Si-Si peak of transverse optical (TO) mode was
clearly observed at 2 nm thickness and decreases rapidly when the thickness increases. Si-Si TO
mode stems from the Si substrate. The excitation laser with 632 nm was used in Raman
measurements and has penetration depth of less than 100 nm in Ge. When Ge film is thin, the
pumping laser could penetrate through Ge film and causes phonon scattering in Si substrate. Thus
Si-Si Raman peak could be observed. Ge film on Si is under compressive strain, resulting in the
blue shift of the peak of Ge-Ge LO. For example, the LO peak of fully relaxed Ge is 300 cm!
while Ge film with 2nm thickness has LO peak at 302.9 cm™!. However, with increasing thickness,

Ge film relaxes gradually and the peak of Ge-Ge LO has a red shift towards LO peak of bulk Ge.
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2.2.3. Photoluminescence (PL) characteristics

2.2.3.1 PL mechanism

3 o
:r Optical

: Pumping

HH

Figure 2.4 The schematic diagram of PL mechanism of bulk Ge. The pathways of carriers were
drawn on the Ge band structure.

Figure 2.4 illustrates the PL mechanism of bulk Ge, in which two valance bands of heavy hole
(HH) and light hole (LH) and one conduction band with I" and L valleys were drawn. The direct
bandgap energy (I'-HH) is 0.798 eV and the indirect bandgap energy (L-HH) is 0.664 eV[71]. The
electrons are excited from valance to conduction band via external laser source. The carrier
excitation path is vertical in k space in order to keep the conservation of momentum governed by
the Fermi’s golden rules. The “hot” photoexcited electrons firstly reside at the high energy states
and then quickly redistribute and cool down to the I" and L valleys of conduction band through
thermal relaxation process. Note that the L valley i1s 140 meV lower than I" valley of bulk Ge.
Therefore, most of the electrons transfer to the L valley. Meanwhile, the “hot” holes are condensed
to the top of valance bands. The symbol of Tt in the Figure 2.4 represents the carrier lifetime of
thermal relaxation from excited energy states to I' valley, which was measured as 110+30 fs by
ultrafast transient absorption spectroscopy[72][73]. Ts is the lifetime of the inter-valley scattering

from the I" valley to L valley which occurs at the 200-300 fs time scale[74][75]. The radiative
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recombination of carriers at the I and L valleys was also shown on the Figure 2.4. TXr.vg) stands
for the carrier lifetime of direct bandgap from I valley to valence band (VB) and T®(..vg) represents
the carrier lifetime of indirect bandgap from L valley to VB. The lifetime TR(r.vg) varies from ns
to us order of magnitude, depending on the carrier injection level and the operating
temperature[76][77]. TR -vB) is normally four or five orders of magnitude higher than T®r.vg)[78].
The optical transition between I' valley to VB is much more efficient than the transition between
L valley to VB[79]. However, because the majority of carriers populate that the L valley, the

indirect bandgap light emission dominates at the PL spectrum of bulk Ge at room temperature.
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Figure 2.5 The mechanism of carrier recombination in the presence of Shockley-Read-Hall (SRH)
recombination centers.

The PL mechanism in the presence of trap states was also discussed, as shown in Figure 2.5. For
Ge growth on Si, the misfit dislocations are generated in order to accommodate the lattice
mismatch between Ge and Si. The dislocations introduce the trap energy states within the bandgap
of Ge. Since the majority of dislocations are localized in Ge layer, the trap levels are extended in
k space of band structure. The introduced trap states act as the deep level recombination center and

greatly influence the PL mechanism. The non-radiative recombination of Shockley-Read-Hall
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(SRH) process via trap states provides additional non-radiative recombination pathway of carriers.
The determination of SRH lifetime of TNRsgy is complicated because the relevant parameters are
difficult to obtain, such as the density of trap energy levels and the positions trap energy states
within the bandgap energy. Usually TNRsgy is the picosecond order of magnitude, which is a fast
recombination process compared with the lifetime of radiative recombination: TR(r.ve) and TR
vB) (See appendix C). The summary of the various lifetimes of carriers was listed in Table 2.1.

Table 2.1 The summary of the various lifetimes of carriers.

Lifetime Tr Ts TR(r_VB) TR(L-VB) T RgrH
200-300 Ins—1
Value 110£30 fs[72][73] 1 us-1 ms[78] | 1 ps-1ns
fs[74][75][80] us[76][77]

2.2.3.2 PL measurements
PL measurements was utilized to evaluate optical properties of two step grown Ge samples. In the
PL setup, a 1064 nm pulsed laser was utilized as a pumping source with 45 kHz repetition and 6
ns pulse width. The laser spot size was measured as 20 pum in diameter and the pumping power
was 300 mW. PL emissions were collected by spectrometer and sent to thermoelectric-cooled lead
sulfide (PbS) detector with the wavelength detection cut-off at 3 um. A lock-in system along with
a chopper were applied to amplify the PL signal. Figure 2.6 (a) shows the room-temperature power
dependent photoluminescence (PL) of bulk Ge and Figure 2.6 (b) shows the two step grown Ge
films on Si substrate. The Ge film were grown 1 pm thick. For PL spectra of bulk Ge, both direct
and indirect bandgap were observed. The peaks at 1550 nm (0.8 eV) and 1780 nm (0.7 eV)
correspond to direct and indirect bandgap, respectively. The peak of indirect bandgap dominates
due to the indirect-bandgap nature of Ge. With the increase of optical pumping power both direct
and indirect emission increase while the PL peak of indirect bandgap dominates over all the
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spectra. For our grown Ge film, the direct bandgap emission dominates over indirect bandgap
emission for all the power-dependent PL spectra. The indirect bandgap emission could only be
observed at the high excitation power. It is because indirect transition is an inefficient process as
most injected electron-hole pairs recombine non-radiatively before the occurrence of radiative
recombination. Therefore the indirect PL can be clearly observed in ultra-high quality germanium
or low-temperature measurement at which non-radiative recombination centers are greatly
suppressed. On the contrary, the direct transition is a fast process with radiative recombination rate
four or five orders of magnitude higher than that of the indirect transition. For our grown Ge
samples, the threading dislocations generated during the large lattice mismatch between Ge and Si
degrade material quality and dramatically decrease indirect bandgap emission. In order to decrease
the threading dislocation the high temperature cycle annealing is necessary. In addition, the peaks
of both direct and indirect bandgap have a red shift compared to bulk Ge. It is attributed to the
residual tensile strain which is generated during high temperature growth due to the discrepancy
of thermal expansion coefficients between Si and Ge. Figure 2.6 (¢) represents the peak intensity
as a function of pumping power for two Ge on Si samples and bulk Ge. Our grown samples show
the similar trends with bulk Ge. The peak intensities of two step Ge samples are § times smaller

than that of the bulk Ge.
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Figure 2.6 Power-dependent PL spectra of (a) bulk Ge and (b) two step Ge films with thicknesses
of 1 um. (c) The peak intensity of sample 1,2 and bulk Ge as the function of pumping power.

The temperature-dependent PL of two step Ge sample was measured at the pumping of 150 mW
as shown in Figure 2.7 (a), in which the direct bandgap emission dominates for all the spectra at
the temperature from 10 to 300 K. The PL spectra at logarithmic scale at different temperature
were also drawn in Figure 2.7 (b) for clarity. With the decrease of temperature down to 10 K, the
emission peak of direct bandgap has a clear blue shift from 1590 nm (0.78 eV) to 1450 nm (0.86
eV), following the empirical Varshini model. The PL peak intensity of direct bandgap decreases
as the temperature drops from 300 to 200 K while the intensity increases from 200 to 10 K. At the

room temperature, the PL peak of indirect bandgap is negligible because the majority of carriers
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recombine via the non-radiative SRH process. At the low temperature below 200 K the indirect
PL peaks are observable. However, the indirect peak intensity at low temperature is one order of
magnitude lower than direct peak intensity. The integrated PL intensity and peak positions were
drawn in Figure 2.7 (c¢). When the temperature is decreased from 300 to 200 K, the integrated
intensity of emission is reduced about 30%. It is because more electrons are condensed from direct
to indirect bandgap with the decrease of temperature. As the continuous cooling down of Ge
sample from 200 to 10 K, the integrated intensity dramatically increases about 2.6 times. It is
attributed to the dramatically reduced SRH (Shockley-Read-Hall) non-radiative recombination
with the decrease of temperature. At the low temperature, the majority of non-radiative trap states
within bandgap which are introduced by the defects were frozen, resulting in the increase of

radiative emission.
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Figure 2.7 (a) Temperature- dependent PL measurements of the two step Ge sample on Si. (b) The

PL spectra at logarithmic scale at different temperatures. (c) The corresponding integrated PL

intensity and the peak positions of direct bandgap as a function of temperature.

2.2.4. Etch pit method

Figure 2.8 The SEM Images of etch-pit method for Ge film on Si at different areas.

The etch-pit method was employed to evaluate the threading dislocation density for our Ge buffer.
Etch pit method is a preferential etching solution on the surface of samples. The etching rate is
high at the dislocation regions on the surface. Then the pits or grooves form and represent the
dislocations as a result of preferential etching. The pits or grooves are visible under the optical
microscopy or scanning electron microscopy. By counting the numbers of pits or grooves the

dislocation density could be evaluated. The wet chemical etching for etch pit method was well
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established using iodine solution [CH3COOH (65 mL)[HNO3 (20 mL)|HF (10 mL)|I> (30 mg)][81].
The etching process was done at temperature of 0°C in order to reduce the aggressive wet etching.
Since 1> is difficult to solve into the solutions, the magnetic stirring bar was applied to accelerate
the solving time. The etch-pit results were obtained by image of scanning electron microscopy, as
shown in Figure 2.8. The black dots on the SEM imaging represent the threading dislocations. In
order to accurately extract threading dislocation density, three different areas on Ge surface were
considered. By counting the values of etch pits of different areas, the average threading dislocation
density was eventually calculated as 1.94*107 cm™, which is comparable with other reported two
step Ge on Si growth followed by cycle annealing between high temperature and low temperature
using hot wall UHV-CVD[81].

Table 2.2 EPD results of Ge film on Si at different areas.

Area The 1% area The 2" area The 3" area The average

EPD value 1.85*10” cm™ 2.14*107 cm™ 1.84*107 cm™ 1.94*%107 cm™

2.3. Hot-filament-assisted CVD growth of Ge on Si

Top Gas Inlet (Ar)

I

Shield
eater Hot wire Gas Inlet(Ar+GeH,)
Wafer C————— ==

Schematic diagram of hot wire CVD

Figure 2.9 The schematic diagram of hot-filament assisted CVD.
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The setup of hot-filament assisted CVD (HFA-CVD) was also equipped in the reactor, which is a
useful method for the deposition of many different semiconductor materials such as SiC[82],
diamond[83],etc. The schematic diagram of hot-filament configuration in the reactor was shown
in Figure 2.9. The tungsten filament was placed at the entrance of gas inlet and was shielded by
the stainless steel tube. The filament temperature roughly ranges from 1400 to 2100 °C. With the
help of hot filament various precursors such as SiHs4 or GeHs could be easily dissociated in to
atomic radicals or ions. Then the reactive radicals or ions horizontally transport towards the surface
of Si wafer and are deposited on the surface of substrate. The Si substrate was rotated during the
epitaxy process to assure the uniform growth across the wafer. The HFA-CVD is important to
increase the growth rate and improve the material quality especially at the low temperature growth
conditions. By using the HFA-CVD the growth recipe and the corresponding sample thickness of
Ge epitaxy on Si was listed in Table 2.3. The Ge thickness at the center of the wafer for each recipe
was measured by Ellipsometry.

Table 2.3 The growth recipe of Ge on Si by HFA-CVD and the corresponding thickness of Ge
films.

Precursors Parameters Pressure 0.3 Torr 0.03 Torr
. ot filament
Dilution | Flow Rate ower | 80W | 120W | 0w 3OW | 120w
Ratio (sccm)
Temperatu
1:40 5:200 350°C 25 nm 20 nm 27 nm
1:20 5:100 350°C 27 nm
1:00 5 350°C 46 nm 44 nm 4 nm 44 nm 52 nm
1:00 5 400°C 162 nm 119 nm 142 nm
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Figure 2.10 (a) The Ge thickness V.S growth temperature using HFA-CVD growth under different
power supplies of hot filament. (b) The pressure-dependent growth thickness of Ge under different
power supplies of hot filament and dilution ratio of precursors. (c) The Ge thickness V.S dilution
ratio between GeHy4 and Ar under different power supplies and growth pressures.

Figure 2.10 (a) shows the thickness of one step Ge growth on Si substrate with different growth
temperatures and power supplies of hot filament. The substrate temperature was changed from 350
to 400°C and the growth pressure is 0.3 Torr. With the increase of growth temperature, the
thickness of Ge film increases dramatically. Compared to non-filament assisted growth (Power
supply: 0 W), the hot filament helps increasing growth rate as expected. For example, when the
power supply of hot filament is 80 W, the growth thickness is 46 nm, which is 11 times higher
than non-filament assisted growth. However, further increasing the power supply of hot filament
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from 80 to 120 W does not increase the growth thickness, which suggests that other parameters
rather than power supply of hot filament have the dominating effects on growth rate. The growth
pressure is suspected to have major effects on growth rate, especially for the HFA-CVD growth.
High pressure in the reactor chamber corresponds to the short mean free path of precursors. For
example, the mean free path of Argon is 0.6 mm at pressure of 0.3 Torr and temperature of 300 K.
Since the distance between the end of filament and edge of wafer is 6 cm, the collision frequency
of radicals generated by hot filament during the transportation of radicals from filament to the
wafer is 100s™. It is more likely that, contrary to the non-filament assisted growth, the lower
pressure growth leads to the increase of growth rate because the less collision frequency of the
radicals occurs during their travel from hot filament to substrate. The pressure-dependent HFA-
CVD was shown in Figure 2.10 (b). When the pressure decreases from 0.3 to 0.03 Torr at 120 W
power supply, the growth rate increases from 20 to 27 nm, suggesting that the pressure plays
important role in HFA-CVD growth. The growth thickness of Ge as the function of dilution ratio
of precursors was investigated, as shown in Figure 2.10 (C). As expected, the thickness of Ge
increases dramatically with the increase of dilution ratio between GeH4 and Ar. For example, at
the growth pressure of 0.3 Torr and hot-filament power supply of 120 W, the thickness of Ge

increases from 20 to 44 nm when the dilution ratio increases from 5:200 to 5:0.
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Figure 2.11 (a) The Raman spectra of 20 nm-thickness Ge on Si at three spots of substrate. (b)
The Raman spectra of 52 nm-thickness Ge on Si.

The Raman spectra was studied for Ge on Si samples by using HFA-CVD growth. For the 20 nm-
thickness Ge samples, three spots from the center of the wafer to the edge: I, II and III were
measured in order to investigate the growth uniformity. As shown in Figure 2.11 (a) The Si-Si TO
Raman peaks at all the spots were observed because of the thin Ge layer on Si. The Si-Si TO peaks
originate from the Si substrate. The Ge-Ge LO peaks are shown as well on the Raman spectra
while the peak intensities are much lower than the Ge-Ge peak of Ge reference. Comparing with
the Raman spectra among different spots, the Si-Si peak intensity at the spot I is higher than that
at the spots II and III while the Ge-Ge peak at the spot III is higher than that at the spots I and II.
It indicates that the growth rate at the center of wafer is smaller than that at the edge of wafer. The
radicals or ions generated by hot filament firstly arrive at the edge of wafer and deposit on the
surface during the transportation. Less radicals or ions move towards the center and result in the
smaller growth rate at the center compared to the growth rate at the edge of wafer. The Ge-Ge LO
peaks at all the spots have a red shift compared with the Ge-Ge peak of Ge reference, indicating
that the Ge layer on Si is under compressive strain. As expected, the thin Ge growth on Si at the

low growth temperature results in the high compressive strain within the Ge layer. The Raman
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spectra of 52 nm-thickness Ge on Si was also measured, as shown in Figure 2.11 (b). The Si-Si
peaks disappear because of the thick Ge layer on Si substrate. The intensities of Ge-Ge peaks at

all the spots are similar.

2.4. Plasma-enhanced CVD growth of GeSn on Si

Plasma enhanced CVD (PE-CVD) technique has been employed for Ge on Si epitaxy for high
quality Ge film at low growth temperature[84][85]. Through the gas discharge, the epitaxy occurs
at lower growth temperature than the traditional CVD while maintaining the material quality[86].
The low thermal budget makes PE-CVD more attractive especially for the low temperature growth
condition. The precursors were ionized in the body of plasma, which makes the epitaxy less
sensitive of the growth temperature. The PE-CVD growth provides another ability of freedom to
control the surface reactions and material properties. Despite of its promising prospects, the PE-
CVD technique faces difficulties as follows: 1) The plasma involvement in the CVD growth
introduces the physical sputtering accompanying the epitaxy process on the surface. The sputtering
could etch the surface and make the growth rate difficult to control. 2) Since each precursor have
different dissociation energy, the ionization rates between precursors under the same power supply
of plasma are different. For the alloy epitaxy of PE-CVD it is difficult to control the compositions
for each constitute. 3) The uniformity of epitaxy is another critical issue for the PE-CVD growth
because of the complicated controllability of uniform plasma density above the wafer, high
reaction rates of ions and high collision frequency between ions on the substrate. Therefore, the
parameters such as power supply of plasma, growth pressure, plasma dimension, etc. need to be
optimized to address the abovementioned issues.

PE-CVD technique could be also used for GeSn epitaxy on Si or Ge. GeSn has to be grown under

the low epitaxy temperature in order to avoid the segregation of Sn atoms. However, maintaining

31



the high material quality is a huge challenge for low temperature epitaxy. The low temperature
growth also means the small growth rate, thus limiting the Sn incorporation. Benefiting from
plasma enhancement, the precursors of GeH4 and SnCls could be easily decomposed at the low
growth temperature, ensuring the sufficient growth rate for high Sn incorporation. In addition, the
ions of precursors in the plasma will accelerate by the built-in electrical field in the sheath between
body of plasma and substrate. As a result, the ions gain sufficient energy when arriving at the
surface of film and increases the collision probability between reactive ions at the surface.
Therefore, the surface mobility of adatoms enhances at low temperature and thus increases the

material quality.
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Figure 2.12 (a) The schematic diagram of PE-CVD system. (b) The generation of plasma between
cathode plate and wafer in the CVD process chamber. (c) The grown GeSn on Si wafer after PE-
CVD growth. Different probing spots were marked on the wafer.

The configuration of PE-CVD was schematically drawn in Figure 2.12. The Capacitively Coupled
Plasma (CCP) was utilized to generate the low temperature plasma. The 13.56 MHz Radio
frequency (RF) power and L-matching network were employed. The substrate wafer was powered
as the anode of CCP while conductor plate in parallel with the wafer was grounded as the cathode.
The plasma was generated between the wafer and cathode plate when the proper power supply
applies. The body plasma was shown as the glowing region in Figure 2.12 (b), which could be

divided as two areas: 1) the main area A between the wafer substrate and cathode plate and 2) the
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peripheral area B close to the gas inlet. The area A was shown as yellow glowing region, mainly
corresponding to the discharge of Argon and GeHs while the area B was shown as the navy blue
glowing region, corresponding the discharge of GeHs and SnCla. It could be explained that SnCl4
is easily decomposed and the majority of SnCls was immediately discharged at the edge of bulk
plasma close to the gas inlet. One could tell that the generation of plasma is non-uniform, which
will result in the non-uniformity of GeSn growth on Si wafer.

Two samples of 1 and 2 were grown by PE-CVD and the growth recipes were shown in Table 2.4.
After the PE-CVD process, both samples were grown non-uniformly. The sample 1 was shown in
Figure 2.12 (c), which is due to the non-uniform discharge of precursors in the plasma. Four
probing point along the radius of wafer were marked as spot I (Center of wafer), II, III and IV
(Edge of wafer), respectively.

Table 2.4 The summary of PE-CVD growth recipes of GeSn samples.

Flow Rat .
ow Rate Growth Thickness
Sample Plasma Temperature | Pressure (sccm) time of spot IIT
Power (W) (°C) (Torr) (SnCl4: GeHa: .
(min) (nm)
Ar)
1 50 350 0.3 1:5:100 20 1154
2 50 400 0.3 1:5:200 20 1027
Energy (eV) Energy (eV)
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Figure 2.13 Room temperature PLs of (a) sample 1 and (b) sample 2 at different probing spots on
the wafer.

The room temperature PL of two samples were conducted, as shown in Figure 2.13. The 1064 nm
pulsed laser was used as pumping source with 45 kHz frequency and 6 ns pulse width. The
pumping power was chosen as 500 mW. The liquid nitrogen-cooled InGaAs detector was utilized
with the cut-off detecting wavelength of 2300 nm. The PL spectra of four different probing points
confirmed the non-uniformity of GeSn epitaxy using PE-CVD technique. For sample 1, the PL
intensities of spot III and IV are clearly observed comparing to that of spots I and II. The PL peaks
of spot III and IV have a clear red shift compared with direct (1550 nm) and indirect (1776 nm)
bandgap emission of Ge bulk sample, suggesting that Sn atoms are efficiently incorporated into
Ge lattice sites. The fact that PL spectrum of spot III has a more red shift of wavelength (2010 nm)
than that of spot IV (1776 nm) means that spot III has a higher Sn incorporation. For sample 2,
the non-uniform film deposition was confirmed by PL spectra across the wafer as well. Starting
from the spot I, the peak of PL emission is 1486 nm, corresponding to the emission of direct
bandgap for pure Ge film under compressive strain. For spot II, the main peak shifts to 1556 nm
and peak intensity increases in comparison with spot I, suggesting that Sn is incorporated into Ge
lattice matrix. The spot III has the PL emission of ~ 1878 nm wavelength while the spot IV has a
shorter wavelength of 1800 nm. The PL peak intensity at the spot III reached the maximum. The
PL spectra of both samples suggest that spot III has the highest Sn incorporation under the current

PE-CVD growth. The PL peak information for both samples was summarized in Table 2.5.
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Figure 2.14 The rock curves of XRD measurements at spots III and IV of (a) sample 1 and (b)
sample 2.

The XRD measurements was performed in order to investigate the GeSn crystallization on Si and
Sn incorporation. XRD was performed using a Philips X’pert MRD system, which was equipped
with a standard four-bounce Ge (220) monochromator and a three bounce (022) channel cut Ge
analyzer crystal along with the 1. 6 kW Cu K, X-ray tube with vertical line focus. For both
samples 1 and 2 the spots III and IV exhibit the similar trends. Taking sample 1 as an example, a
single peak at 65.59° was observed at Spot III while a main peak at 65.91° with a shoulder at
65.39° was shown at Spot IV. By the data fitting of XRD peaks, the Sn incorporation at spots I1I
and IV of both samples could be estimated and the fitting results were shown in Table 2.5. The
bowing parameter of lattice constant was chosen as -0.066 A for the data fitting of Sn
incorporation. Considering that the thicknesses of GeSn films measured by Ellipsometry are
beyond 1 pum, GeSn could be treated as the fully relaxed film.

Table 2.5 The summary of Sn compositions and PL peak positions of samples 1 and 2.

Sample Spot Sn composition (%) PL peak position (nm)
| 111 1/6.2 1966 — 2100
1\ 3.5 1776
5 111 0.3/3.8 1796 — 1952
v 2 1800
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The Raman spectroscopy of sample 2 was performed in order to double check the crystallization
at different spots, which was shown in Figure 2.15. The Raman peaks of spot I, II and III exhibit
a clear Raman shift compared with that of Ge reference. The Raman peak of spot III has the Raman
shift of -4.5 cm™!, corresponding to the Sn incorporation of 5.1% for fully relaxed GeSn films[87].
The absorption of coefficient for GeSn was measured by Ellipsometry, as shown in Figure 2.16
(a). The spot I exhibits pure Ge absorption coefficient while spot III shows an obvious red shift of
absorption edge, suggesting the incorporation of Sn. The Ellipsometry results are consistent with
PL, XRD, and Raman results. At the spot III in Figure 2.16 (a), both direct and indirect bandgap
absorption were observed. When photon energy Av exceeds the direct bandgap energy E,', the
direct bandgap transition is dominated over the indirect bandgap transition. Near the direct band
edge, the absorption could be expressed as[88],

(ahv)? = A(hv — Eg) Equation 2.1
where o is the absorption coefficient of direct bandgap transition, hv is the photon energy, 4 is the
constant and E; is the direct bandgap energy. By fitting the absorption coefficient of band edge at
spot III, the direct bandgap energy Eg could be extracted. Figure 2.16 (b) shows the data fitting

process of E; , by drawing the relationship between (ahv)? and hv. After linear data fitting of

Figure 2.16 (b), the Ej was extracted as 0.735 eV.
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Figure 2.15 Raman spectroscopy at the spots of I, II and III of sample 2.
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Figure 2.16 (a) The Ellipsometry measurements at spots I and III of sample 2. (b) The data fitting
of direct absorption coefficient for direct bandgap energy at the spot III of sample 2.

2.5. GeSn growth on Ge buffer

The GeSn growth on Ge buffer of Si substrate was investigated using standard UHV-CVD system

in order to pursue the high quality and high Sn incorporation. Prior to the GeSn epitaxy, the high

quality Ge buffer was grown on Si substrate by low/high temperature two-step method. The GeSn

film was then grown on Ge buffer at low temperature condition. The growth recipe was listed in

Table 2.6.
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Table 2.6 The summary of growth recipe of GeSn on Ge buffered Si substrate.

Sample | Layer Temperature | Pressure Flow Rate (sccm) Growth Time
(°O) (Torr) (SnCls: GeHs: Ar) (min)
Ge 1 375 1 0:5:200 10
2nd 600 1 0:2.5:200 20
GeSn 250-300 lor2 (0.03-0.07):(10-20):200 60 or 120

The flow fraction of SnCls is a critical parameter for the GeSn growth and has multiple effects on
the GeSn epitaxy, which were listed as follows:

1. Surface etching by the byproducts HCI. The reaction between SnCls and GeHs generates the
gaseous HCI as a byproduct, which has an aggressive chemical etching of Ge atoms on the
surface[62].

2. Sn segregation on the surface. For example, if the flow fraction of SnCly is too high, the excess
Sn atoms will float and segregate on the surface. The Sn segregation will roughen the surface and
deteriorate the material quality[24].

3. The surfactant effects of Sn. A certain amount of Sn has been reported as a surfactant that

smoothened the GeSn surface by enhancing Ge diffusivity[89].

We have explored a wide range of flow fractions of SnCls (3 ii"a" ——) from 102 to 10
SnCly GeHy Ar

order of magnitude, where the Fg,¢;,, Fgen, and Fy, indicate the flow rate of SnCls, GeHs and Ar,
respectively. Finally, it turns out that the low flow fraction of SnCls (i.e. 10™) results in smooth
surface and high quality of GeSn. However, the Sn incorporation maintains the constant with
variable SnCly flow fraction at the current range, which means that other parameters such as
substrate temperature dominate the effects on Sn incorporation. Hereby, we obtained a high quality
GeSn sample on Ge buffer by using SnCls flow fraction of 1.4*¥10™* which is the minimum

limitation of mass flow controllers. The substrate temperature and growth pressure are 250°C and
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2 Torr, respectively. The growth time is 60 minutes. After the growth the thickness of GeSn was

obtained as 234 nm by Ellipsometry.
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Figure 2.17 The room-temperature PL spectra of GeSn and bulk Ge reference.
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Figure 2.18 The data fitting of direct absorption coefficient for direct bandgap energy.

The room temperature PL was measured in order to investigate the optical properties of GeSn. The
1064 nm pulsed laser with 45 kHz frequency and 6 ns pulse width was used as the pumping source.
The pumping power was chosen as 50 mW. As shown in Figure 2.17, a pronounced red shift of
the PL peak of GeSn was observed compared to the PL of bulk Ge, suggesting an effective Sn
incorporation into Ge lattice sites. The main PL peak was 2080 nm (0.6 eV), corresponding to the

light emission of direct bandgap. Through Gaussian data fitting the direct bandgap energy was
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extracted as 0.587 eV. The indirect bandgap on the PL spectra was not resolved. Figure 2.18 shows
the direct absorption of coefficient for GeSn measured by Ellipsometry. By data fitting of the
absorption coefficient, the direct bandgap energy was obtained as 0.571 eV, which is in agreement

with the PL results.
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Figure 2.19 The rocking curve of XRD along (004) plane for GeSn sample.

The crystallization of GeSn was investigated by the XRD measurements. The symmetric rocking
curve of GeSn sample along (004) plane was shown in Figure 2.19. Both peaks of Si substrate and
Ge buffer were shown on the rocking curve, which are located at the diffraction angle of 69.12°
and 65.99°, respectively. Below the diffraction angle of Ge buffer, two peaks of GeSn were
observed, suggesting that two layers of GeSn were grown on top of Ge buffer. The angles of 65.83°
and 64.67° correspond to the bottom and top GeSn, respectively. The Sn incorporation was
estimated from rocking curve of XRD. The initial Sn incorporation range of 5-8% was obtained
from the results of PL and Ellipsometry. Within this range of Sn incorporation the critical thickness
was calculated from 109 nm (8%) to 334 nm (5%) according to the People- Bean model.

Considering that the thickness of grown GeSn was 234 nm, the GeSn film on Ge buffer could be
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considered as the psedomorphic growth. Then after the data fitting of rock curve the Sn
incorporations of the bottom and top GeSn were obtained as 1.4% and 8.1%, respectively. The
summary of data fitting of GeSn film was listed in Table 2.7.

Table 2.7 The summary of data fitting results of GeSn films.

Lattice constant (A) Sn Composition
GeSn XRD Angle (°) Strain (%)
Out of Plane | In Plane (%)
Bottom layer 65.83 5.6703 5.6656 1.4 -0.05
Top layer 64.67 5.7607 5.6656 8.1 -0.95

Chapter 3. Band structure of GeSn
3.1. K.P method for GeSn band structure

Band structure, especially near the band edge is of great importance for the analysis of optical
properties of optoelectronic semiconductors such as the radiative recombination, optical gain and
quantum efficiency, etc. Several methods were proposed involving tight binding[90],
orthogonalized plane wave[91], pseudopotential approach[92] and K.P method[93]. For example,
tight binding method has been widely utilized to calculate the band structure of entire Brillouin
Zone on the basis of localized atomic orbitals. However, the center of brillouin zone, I" point (k=0)
is very important for the optoelectronic devices, most of which is made of direct bandgap materials.
For the direct bandgap materials such as GaAs, InP, etc, the optical transition primarily occurs
between the minima of conduction band and the maxima of valence band. The radiative
recombination is efficient for these direct bandgap materials. In this case the K.P method is much
desirable to analysis the direct bandgap materials because the K.P method focused on the
description of the near-edge band structure. The simplicity and reliability of calculation makes K.P

method more attractive.
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The K.P method was firstly proposed by Bardeen and Seitz and then well developed by
Dresselhaus[94], Kane[95]. K.P mehod is also known as the effective mass approximation or
envelop function approximation which bases on the perturbation theory of quantum mechanics. It
requires the minimal sets of empirical parameters to describe the near-edge band structure. Until
now the K.P method has already been the widespread approach among the III-V compound
semiconductors and their alloys[96]. The simplest model of band structure is parabolic model,
which treats all the energy dispersion as parabola, as depicted in Figure 3.1 (a). The Kane method
takes into account the four core bands: one conduction band (CB) and three valence bands: heavy
hole (HH), light hole (LH) and splitting orbit (SO) band. The Kane model ignores the rest of bands,
as shown as Figure 3.1 (b). In Kane model one more term of splitting orbit interaction is added
into Hamilton, thus modifying the parabolic model near the center zone (k=0). In Luttinger-Kohn
model the remote bands were further introduced as the perturbation of four core bands, as shown
in Figure 3.1 (¢). The four core bands of CB, HH, LH, SO were classified as the class A and the
rest of the bands were treated as the Class B. The Luttinger-Kohn model is a more practical model

to calculate band structure at the k#0 region.

E
(a) \ (b) i \ (c)
“conduction” band
Conduction band

E, x N\ T
// A\ Heavy hole

“valence” band Light hole
\
Spin-orbit split-off
o {

Figure 3.1 (a) parabolic model of two bands. (b) Kane model of four core bands. (¢) Luttinger-
Kohn model of the bands classified into A and B.
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In this chapter, the general calculation procedure based on the K.P method could be described as

follows[93]:
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1) The wave function based on Bloch theorem was introduced that consists of a free electron wave
and a periodic part.
2) The conventional Schrodinger equation was modified by adding the splitting-orbit interaction.
The Bloch wave function was put into the modified Schrodinger equation. A K.P perturbation
terms appears in the Hamilton. The energy dispersion at point k=0 was calculated using Kane’s
model.
3) The perturbation theory and Luttinger-Kohn model were applied simultaneously to generate
Luttinger-Kohn Hamiltonian matrix, the core part of Luttinger-Kohn model.
4) The eigenvalues and eigenfunctions of Luttinger-Kohn Hamiltonian matrix were solved to
obtain the energy dispersion.

3.1.1. Kane Model
According to Bloch Theorem, the wave function in the semiconductors can be written as:

Y(r) = el*Tu(r) Equation 3.1
where u(r) =u(r+ R) is the periodic function due to the potential symmetry of semiconductor

materials. u(r) has the same periodicity as the crystal lattice constant. R is the period of potential
value. When putting Bloch wave function and adding splitting orbit interaction into the typical

Schrodinger equation, Schrodinger equation can be modified as,

21,2

yu(r) Equation 3.2

h h
(Ho +m_OKP+WVVX P'G)U(I’) = (E(k) - 2m0

0
The second term —K - P on the left side of equation is K.P perturbation and the third term

mo

2z VV X P 0is spin orbit interaction. u(r) is the periodic function, which could be regarded
0

as the superposition of an array of complete base functions. Hereby the band edge functions at k=0
was employed as the base functions. The base functions should be completed and orthogonal with

each other. In Kane model only four core band-edge functions (CB, HH, LH, SO) were included,
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and these band-edge wave functions are chosen as the base functions. To simplify the four base
functions, quasi-hydrogen atom model was applied because the electron wave functions at k=0 of
conduction bands are S state-like whilst the hole wave functions at k=0 of valance bands are P
state-like. Therefore the base function could be written using the following spherical harmonic
function in hydrogen atom model. The self-spin effects are taken into account, which were notated
as T and |.

00 n | X=iY X+iY
Uy =Yy, :‘ST> “zZ‘S‘b u; =Yy, Z‘TT> ”42‘—T~L>

X4y Equation 3.3

NG

Based on these functions the Hamiltonian matrix becomes

uS = )/g(plo = ‘Z T> u6 = ‘Z \L> u7 = Y&pll =

X —-iY
T> Ug _‘T\b

E, 0 kP 0
_ 0o £-2 22 o
He|? Y aa & ; ’ Equation 3.4
= _ | an = t .
0o H P ﬁ% Ep 0 quation
0 0 0 Ep+%

where Eg, P, and A represent the band gap, Kane’s parameter and spin orbit splitting energy,

respectively. E;=- A /3 is the reference energy. Solving Schrodinger equation yields energy

dispersion near band edge (k=0), which reads as

A
n2k2  k*P*(E;+2% h2 2
Ee(l) = By + 5=+ — (E - d (CB)  Enn(k) = 5— (HH)
0 g( gt ) Mo Equation 3.5
h%k? 2k?P? h2k? k?p?
Ec(k) = - (LH) Eso(k) =-A+ (SO)

2mg 3E,
3.1.2. Luttinger-Kohn Model

2m,  3(E, +4)

Since Kane model has been solved to obtain the energy dispersion near k=0 area, the remote bands
(noted as class B) compared to four core ones (noted as class A) were further taken into

consideration in Luttinger-Kohn model as the perturbation terms. After considering all the
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interaction among bands the more accurate band structure at k#0 area could be acquired. Similar

to Kane’s model, the base functions in class A (CB, HH, LH, SO) including spin effects are:

w'=|ST w’=|sd) P O P
272 272 .
Equation 3.6
A_E_l> uA_§_§> uA_ll> MA_1_1>
>o27 28 27 20 T 272" T 27 2

Employing Lowdin’s perturbation theory yields the hermite Luttinger-Kohn Hamiltonian as

1 2 1 1 1
T 0 -k \/;kzP ﬁk,P 0 fﬁkzl’ fﬁk,P
1 2 1 1 1
0 T 0 _7k*P kP kP —ﬁlaP —ﬁkzl’
1 S
—SkP 0 U+0 -S R 0 -5 V2R
2 1 3
kP ——kP S U-0 0 R 20 2
H, g = 13 JZE 5 ? Equation 3.7
kP kP R 0 U-0 s s V20
1 1
0 —k.P 0 R S U+0  —2R 35
1 1 s 3
——3/@19 —ﬁka -5 20 S —J2R U+A 0
1 1 . 3. . 1
~ kP —kP V2R > V20 35 0 U+A
Where
thZ hzyl hzyz
— ; _ _ 2 2 2 _ 2 2 2
ki = kx ilky,T = EC+2_TI’101U _2_77’10 (kx +ky +kz),Q = Zmo (kx +ky —Zkz)
R= i [—V3y,(k2 — k2) + i2V3ysk,k ]S—h%\@k — iky)k
- 2m0 Y2\ Kx y l V3Kx ype - 2m0 ( X l y) z

In the above Hamiltonian matrix, y1, 2, y3 note as Luttinger parameters, which could be determined
experimentally. In this chapter the Luttinger-Kohn Hamiltonian has been applied to calculate the
GeSn bulk material with various Sn composition. All the necessary parameters occurred in the
Hamiltonian could be found in Appendix A.

The band structures of GeSn with Sn compositions of 0%, 5% and 15% using the 8-band Luttinger-

Kohn model were shown in Figure 3.2. The four bands of CB, HH, LH, SO were included. Starting
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from the bulk Ge in Figure 3.2 (a), The Eo' 1 (direct) is 0.8 eV while the Eg-" (indirect) locates
at 140 meV lower than the Eo' ™. The splitting orbit energy EM-S for bulk Ge is 0.28 eV. For
Geo.95Sno 05 alloy of Figure 3.2 (b), both direct and indirect bandgap decrease simultaneously due
to the Sn incorporation. The E,' M decreases to 0.65 eV and The E,"" reduces to 0.58 eV. The
fact that the E,~M is 68 meV lower than E,' " indicates that the direct bandgap shrinks faster

EHH-SO jpcreases to 0.32 eV.

than indirect bandgap due to the Sn incorporation. Meanwhile, the
For Geo.s5Sno 15 alloy, the B/ ™ and Eo-"™ further reduce to 0.37 and 0.42 eV, respectively, as
shown in Figure 3.2 (c). The GeSn alloy has already become the direct bandgap. Meanwhile, the
EHH-S0 increases to 0.39 eV, which is larger than the direct bandgap E' M. The large value of
splitting orbit energy helps suppress the nonradiative Auger process in which the energy and

momentum of an electron-hole pair in the process of radiative recombination are transferred to a

third carrier in either conduction or valance band.
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Figure 3.2 The band structure of the unstrained (a) bulk GeSn, (b) Geo.95Sno.05 and (c) Geo.g5Sno.15
at room temperature.

3.2. Temperature-dependent bandgap of GeSn

The direct (Eg ) and indirect (Eg;) bandgaps were calculated as the function of Sn incorporation.
The temperature of 300 and 10 K was applied in the calculation. The direct Eg (GeSn) and indirect
E;(GeSn) bandgaps could be expressed as

Ej(GeSn) = (1 —x) * Ej(Ge) + x * Ej (Sn) + b * x * (1 — x) Equation 3.8

Ej(GeSn) = (1 —x) * E;(Ge) + x * Ey(Sn) + bX * x * (1 — x) Equation 3.9
where x is the Sn composition, b" and b’ are the bowing parameters of direct and indirect
bandgaps, respectively. Both E;L(Ge) and E;L(Sn) are temperature dependent and the value
could be found in Table A1 of Appendix A. The b" and b* are very critical in this calculation and
are also temperature dependent. The value of b' and b’ have been predicated by various research
groups although none of the results has been reached the agreement[97][98][99]. In this section,
the b' = 1.94 eV [98]and b’ = 1.23 eV [98]were adopted at the room temperature (300 K) while

the b' = 2.61 eV [100]and b = 0.8 (£0.06) eV [100]were chosen at temperature of 10 K. The

calculation results were drawn in Figure 3.3. At both temperatures of 300 and 10 K, the direct
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E; and indirect Ej bandgaps decrease with the increase of Sn incorporation while the Ej shrinks
faster than Ej. The crossing between E; and EJ occurs at the critical Sn concentration. Beyond
the critical Sn content the GeSn becomes direct bandgap. The critical Sn content was calculated as
10.5 % at the temperature of 300 K. The corresponding bandgap energy (E;L) was calculated as
0.489 eV. However, at the temperature of 10 K the critical Sn content reduces to 6.3% and the
bandgap energy was 0.656 eV. The two critical Sn contents at temperature of 300 and 10 K divide
the Sn composition into three areas: 1) Sn content < 6.3%, in which GeSn is indirect bandgap at
all the temperature range; 2) 6.3%< Sn content <10.5%, in which the GeSn is indirect bandgap
material at 300 K and becomes direct bandgap material at 10 K; 3) Sn content > 10.5%, in which
the GeSn is direct bandgap material at all temperature range. One thing should be noticed that
different adoption of bowing parameters yields different critical Sn incorporation. However, the
calculation reveals that the directness of GeSn material is not only Sn-composition dependent but

also temperature dependent.

Energy (eV)

osbo— 0000
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Figure 3.3 The bandgap energy as the function of Sn concentration at the temperature of 300 and
10 K.
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Since the critical Sn content at 300 K is 10.5 %, the band structure of Geo.oSno 1 at the temperature
of 300 and 10 K were calculated as the typical example. By using the 8 band Luttinger-Kohn model
of K.P method the calculation results including CB, HH, LH and SO were shown in Figure 3.4. At
the temperature of 300 K, the indirect bandgap Geo.9Sno.1 was observed with the energy separation
between I" and L valleys only 7 meV, which is smaller than the thermal energy 147 (26 meV) of
the room temperature. Therefore, the Geo.oSno.1 could be considered as the quasi-direct bandgap
material at the room temperature. The direct bandgap (I') of 0.5 eV was obtained for Geo.oSno.1
alloy at 300 K. Using the simple parabolic model of conduction bands, the curvature of I valley is
smaller than the curvature of L valley, which is due to the difference of effective masses of
electrons. The L valley has larger effective mass than the I” valley. Therefore, the density of states
of L valley of conduction band is larger than that of the I" valley, which means the L valley could
accommodate more electrons than I valley. In contrast, at the temperature of 10 K, the Geo.oSno.1
becomes truly direct bandgap material with the I" valley 69 meV lower than the L valley. The
direct bandgap was calculated as 0.533 eV. The calculation results indicate that the L valley has
more sensitivity of temperature. When the temperature cools down from 300 to 10 K, both L and
I' valley increase while the L valley increases faster than the I" valley. Therefore, the quasi-direct
bandgap material of GeooSno1 at room temperature becomes direct bandgap material at the

temperature of 10 K.
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Figure 3.4 The band structure of unstrained Geo.oSno.; at (a) room temperature (300 K) and (b) 10
K.

3.3. Strain effects on the GeSn band structure
The strain plays an important role in the band structure engineering[ 101][102]. Normally the strain
lowers the symmetry of the crystal structure and affects the periodic potential of electrons or holes.
Therefore, the band structure could be changed by the strains. For example, the symmetry of crystal
structure could be reflected by the band degeneracy. In unstrained semiconductor the HH and LH
merge at maximum of the valance band because of the high symmetry of crystal. If taking the spin
counterpart into consideration, the maximum spot of HH and LH is fourfold degenerate. When the
strain is applied into the semiconductor, the symmetry of crystal is broken, leading to the splitting
of HH and LH on the top of valance band. The strain in the semiconductor also alters the effective
masses of electrons and holes, which are another important parameters characterizing
semiconductor properties[101]. For simplicity, a special case of bilateral strain is mainly focused,
which was schematically drawn in Figure 3.5. The growth direction of epitaxial layer was marked
as z axis and the direction perpendicular to the growth direction was marked as x or y axis. The

planes parallel to the z axis were named as out of plane and the planes parallel to x(y) direction
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were named as in plane. In term of the in-plane strain three cases were considered: 1) The
compressive strain of epitaxial layer. The in-plane lattice constant is larger than that of substrate
(Figure 3.5 (a)); 2) The no strain of epitaxial layer. The in-plane lattice constant is matched with
the substrate (Figure 3.5 (b)); 3) The tensile strain of epitaxial layer. The in-plane lattice constant

is smaller than that of substrate (Figure 3.5 (c)).

Compression

O IS [ . No Strain
: Tension

x(y)

(a) (b) (c)

Figure 3.5 The schematic diagram of (a) compressive strain (b) no strain and (c) tensile strain for
the epitaxial growth.

The degree of biaxial strain was defined as

E =& = £ :—&(3 +te,) ¢€,=¢,=¢.=0 Equation 3.10
xx » a = C o » Xy vz xz quatio :
11

where 4, and ¢ are the in-plane lattice constants of the substrate and epitaxial layer, respectively.

C12 and CH are elastic constants. For GeSn system, the revelent parameters were listed in Table

Al of Appendix A.
In strained semiconductors, the Luttinger-Kohn Hamiltonian (Hp.x) for calculation of band
structure evolves into the Pikus-Bir Hamiltonian (Hp-5)[93].

HP—B =HL—K_HS Equatlon 311
and
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T. 0 0 0 0 0 0 0
0 T. 0 0 0 0 0 0
0 0 U.+0: 0 0 0 0 0
0 0 0 U, — 0, 0 0 —/2Q, 0 _
Hg = 0 0 0 0 U, -0, 0 0 V20, Equation 3.12
0 0 0 0 0 U, + Q, 0 0
0 0 0 —V/20, 0 0 U, 0
0 0 0 0 V20, 0 0 U,

where 7, =a (¢, +&, +&.).U, =-a(e,+&,+£.),0, = —%(exx +te,—2&.)
At the position of k=0, the band edge energies could be obtained as
E(k=0)=E, +a.(c,+¢,+E..)
b
E,,(k=0)=-P -0 =a/l (s, +e,+ 5ZZ)+§(gxx +é, -2¢&.) Equation 3.13
b
E (k=0)=-P,+0, =a,(c,+¢e,+ 822)—5(8xx +e,—2¢..)
The splitting energy between the band edges of HH and LH at k=0 is
Ep(k=0)=E,,(k=0)=b(s, +&,-25.) Equation 3.14
Therefore, the band gaps between CB and HH (LH) could be written as

Ecy =E,~SE

hy

+ ! oE
- sh

12 Equation 3.15
EC—LH = Eg _5Ehy _Eé‘Esh

Where 5Ehy =a(e, té, +¢&_.) and % OE, =0, = —g (s, +&, —2¢..) are defined as hydrostatic

deformation and shear deformation energy, respectively.
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Figure 3.6 The band structure comparison of Ge bulk and compressive strained Geo.9Sno.1 at room
temperature.

Taking GeooSno.1 as an example, the change of band structure under compressive strain is
compared with relaxed bulk Ge in Figure 3.6. The change of band edges of Geo.9Sno.1 as a function
of compressive strain was shown in Figure 3.7. The band structure of unstrained and strained
Geo.9Sng 1 at room temperature (300 K) was calculated for comparison, as shown in Figure 3.8. For
unstrained Geo.oSno.1, The HH and LH merge on top of valance band edge. The energy difference
between direct (Er) and indirect bandgap (Ev) is 7 meV, indicating that the Geo.9Sno.; 1s quasi-
direct material. With the increase of compressive strain, both Er and Er increase rapidly while the
Er increases faster than Er. As a result, the compressive strain increases the indirectness of
Geo.9Sng.1. Meanwhile, the heavy hole (Enn) and light hole (Em) split with each other. The Enn
moves up while Enn moves down. The compressive strain also increases band edge energy of SO,
which reduces the non-radiative Auger recombination and increase the quantum efficiency in the
process of light emission. At the compressive strain of -0.5 %, the energy difference between Er
and Er is 45 meV and the splitting energy between Eny and Ein is 45 meV. The energy of SO band

increases from 0.341 to 0.352 eV under -0.5% compressive strain. The increase of SO band energy
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dramatically reduces the Auger process, which is the predominant non-radiative mechanism

especially for mid-infrared light emission.
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Figure 3.7 The energy change of Geo.9Sno.1 band edge as a function of compressive strain.

The strain also has a strong effect on the effective masses of CB, HH, and LH. As a result, the
density of states could be engineered by strain and thus the population of carriers is changed. The
tuning of effective masses by strain also changes the mobility of carriers and transportation
properties. For optoelectronic devices the compressive strain has been proven to reduce the lasing
threshold density and high power output as a result of the reduced heavy-hole effective mass[101].
The strain could also alter the polarization of light emission for optoelectronic devices. For
example, the optical transition between I' valley and HH is mainly Transverse Electric (TE)
polarized. In contrast, the optical transition between I' valley and LH is predominately Transverse
Magnetic (TM) polarized. The compressive strain lifts up heavy hole above light hole as the top

of valance band. Under the compressive strain the light emission is mainly TE polarized.
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Figure 3.8 The comparison of band structure between (a) unstrained and (b) compressively strained
Geo.9Sng.1 at room temperature.

Chapter 4. High Sn-content GeSn by RP-CVD
4.1. Reduced-pressure chemical vapor deposition (RP-CVD)

Our group has established an external cooperation with ASM America Inc. in Phoenix, AZ. GeSn
was grown using an ASM Epsilon® 2000 Plus reactor which is a reduced-pressure chemical vapor
deposition (RPCVD) single wafer epitaxial deposition system, as shown in Figure 4.1. The Epsilon
is a horizontal flow, load-locked reactor, featuring a lamp heated silicon carbide coated graphite
susceptor in a cold wall quartz chamber[42]. Prior to the GeSn growth, strain relaxed Ge buffer
was grown on Si (100) substrate. Low/high temperature two step growth was adopted. In this
process, the first step Ge buffer was grown at low temperature (320-370°C) condition to avoid 3-
dimensional island growth while the second step Ge was grown at high temperature (600-650°C)
to decrease the dislocations and increase the growth rate. After two step epitaxy, high temperature
(800°C) in-situ cycle annealing was followed in order to further improve the quality of Ge buffer.
The final thickness of Ge is 600-700 nm with threading dislocation densities of ~1x107 cm™ which

was measured by etch pit method. GeSn was grown in-situ on Ge buffer at the temperature below
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450°C which is COMS-compatible. The commercially available precursors of GeHs, SnCl4, and

carrier gases of Hz or N> were utilized. The final thickness of GeSn layer is 800- 1200 nm.

Figure 4.1 The Epsilon® 2000 Plus RPCVD system from ASM company.

4.2. Growth methodology of high Sn-content GeSn
Historically it is generally acknowledged that the Sn incorporation via CVD epitaxy growth of
GeSn is limited by chemical reaction dynamics. Therefore, substantial growth efforts were devoted
to the process optimization of surface chemistry kinetics and thermodynamics[40][103][64].
However, recently we discovered a spontaneous-relaxation-enhanced (SRE) Sn incorporation
mechanism for growth using GeHs and SnCly as precursors[43][44]. It was found that Sn
incorporation is primarily limited by compressive strain under Sn oversaturation condition while
surface chemical reaction being secondary[ 104]. Since Sn exhibits lower free energy[4], the excess
provided Sn atoms will float and segregate on the surface, or be desorbed from the surface. For
example, when the nominal growth recipe was used with targeting Sn content of 12%, the Sn
incorporation starts from 12% and then increases continuously to 15% due to the material gradual
relaxation. More Sn incorporation also results in the reduction of surface Sn segregation. Since all
the growth parameters maintained invariable, the gradient GeSn was grown spontaneously rather

than intentionally. Guided by SRE discovery, new growth strategies were carefully designed which
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lead to high quality and high Sn incorporation[43]. Other research groups also observed SRE
mechanism in the study of GeSn epitaxy[39]. While this approach showed its effectiveness based
on the previous work, the microscopic mechanism of GeSn strain relaxation induced high Sn
incorporation as well as high quality material formation is still unclear. A thorough understanding
of the mechanism would provide great insights to guide the future high quality and high Sn
composition GeSn material growth for the development of high performance Si based
optoelectronics.

In order to explore the high Sn incorporation by SRE mechanism, five GeSn samples were grown
on relaxed Ge buffered Si substrate with GeHs and SnCls precursors. Ge buffer layer with
approximately 600 nm thickness was grown by low/high temperature two-step growth followed
by post thermal annealing. The 1 150 nm-thick layer was grown at temperature of 375°C while
the 2™ 450 nm-thick layer was grown at temperature of 600 °C using 10% GeHa in purified H»
carrier gas. Afterwards the in-situ annealing was done at >800 °C. GeSn growth was initiated on
Ge buffer with the temperature between 200 and 400°C. SnCly is a liquid at room temperature and
must be delivered using a bubbler in which H> gas is metered to control the SnCl4 mass flow rate.
All the sample was grown with a SnCls/(GeHs+SnCls+H) molar flow fraction of 10~ order of
magnitude.

Two strategies have been used in GeSn epitaxy to obtain high Sn incorporation: 1) the SRE
approach for sample A, B and C with nominal growth recipe of 9%, 10% and 11% Sn and the
corresponding finally achieved Sn compositions 12.5%, 12.9% and 15.9%, respectively; 1i) The
GeSn virtual substrate (VS) approach for sample D and E in which GeSn VS was prepared through
SRE approach with a nominal growth recipe of 12% and achieved intermediate Sn composition of

16.5% for both samples. Sample D was then grown with single-step Sn enhanced recipe on GeSn
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VS with the final achieved Sn composition 17.5%. Sample E was grown with a three-step gradient
GeSn recipe with target thickness 100 nm for each step layer. For each step the grading rate of Sn
incorporation was designed to be moderate in order to suppress the breakdown of continuous
growth. The SnCls flow fraction for each step epitaxy increases by ~8% compared with the
precious step. The graded structure eases compressive strain gradually, leading to the continuous
increase of Sn concentration. The final Sn content was obtained as 22.3%, an unprecedented

achievement so far for CVD technology.

4.3. Sample characterization

Table 4.1 Summary of GeSn layer thicknesses, the maximum Sn compositions, average of Sn
compositions, degree of compressive strains and degree of relaxations.

The maximum Sn Average Sn ) )
Thickness . . Strain/relaxation
Sample | Structure Composition (%) Composition by
(nm) , (%)
Region I/ 11 XRD (%)
A 1% layer 180 8.8/10.2 9.4 -0.04/96.5
2" Jayer 660 12.5 11.4 -0.14/63.9
1* layer 320 9.2/10.5 9.7 -0.24/80.2
B
2" Jayer 500 12.9 12.1 -0.39/30.7
c 1* layer 250 11.7/13.2 10.5 -0.01/92.4
2" Jayer 670 15.9 14.4 -0.29/52.1
1* layer 310 11.2/13.7 11.9 -0. 04 /94.7
D 2" Jayer 550 16.5 15.5 -0.28/60.0
3 Jayer 260 17.5 17.4 -0.38/3.8
1* layer 380 11.9/15.5 12.3 -0.01/93.7
E
2" Jayer 830 22.3 19.0 -0.61/2.8

The material characterizations were performed after the growth. SIMS results were used to
determine the Sn compositions, which were cross checked by Energy-dispersive X-ray

Spectroscopy (EDX) with good agreement. Strains and degree of relaxations were studied by data
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fitting of reciprocal space mapping (RSM) of X-ray diffraction (XRD). Table 4.1 summarizes layer
thicknesses, Sn compositions, compressive strains and degrees of relaxations for five samples.
4.3.1. Transmission electron microscopy (TEM) and Secondary ion mass spectrometry
(SIMS)
Typical dark field TEM images and Secondary Ion Mass Spectrometry (SIMS) of sample A, D, E

are presented in Figure 4.2 (a), (c), and (e) and Figure 4.2 (b), (d), and (f), respectively. Samples

B and C show similar results as sample A.
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Figure 4.2 (a) Dark field TEM image of sample A. (b) SIMS of sample A. (¢) TEM Image of
sample D. (d) SIMS of sample D. (¢) TEM image of sample E. (f) SIMS of sample E.
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For sample A, two GeSn layers could be clearly resolved as shown in TEM images of Figure 4.2
(a): i) highly defective layer (1% layer) of 180 nm thickness on Ge buffer and ii) low defect layer
(2™ layer) of 660 nm thickness above the 1% layer. Correspondingly, the two-layer structure
observed from TEM image was also marked on the SIMS plot. From SIMS, both layers show Sn
composition spontaneously enhanced gradient. The 1% layer could be further subdivided into two
regions defined by the boundary of the critical thickness /4., in which region-I and II represent
constant low Sn content and Sn-enhanced gradient, respectively. Hereby the critical thickness /.
was calculated based on People — Bean (P-B) model[105]. The region I maintains with 8.8% Sn
contents while the region II obtains the maximum 10.2% Sn contents with sharp Sn composition
gradient. Through linear data fitting the gradient rate at region II of the 1% layer was obtained as
12.6%/um, which is 5.5 times of 2.3%/um in the 2" layer. Note that since the 2" layer was Sn
gradient with a small gradient rate, part of the strain could be relaxed by the biaxial distortion of

lattice constant without breaking the cubic crystal structure.

For Sample D, the GeSn VS exhibits a similar two-layer structure with the thickness of 310 nm
and 550 nm for the 1% and 2™ layer, respectively. The additional 3™ layer was measured with a
thickness of 260 nm, which is below the theoretical critical thickness of 1171 nm calculated by P-
B model. Therefore, the 3™ layer of sample D could be considered as pseudomorphic growth which
was further confirmed by RSM of XRD analysis. One bright line was observed to travel across the
2" and 3™ layers, indicating the penetration of threading dislocation which is partly responsible
for strain relaxation. From SIMS, the two-layer structure was marked and the 1* layer was divided
into region-I and II, similar to sample A. Region I shows the constant Sn composition as 11.2%
while region II reaches the final Sn composition of 13.7%. The gradient rate at region II of the 1*

layer and the 2™ layer are 15%/um and 3.4%/um, respectively, which is higher than that of sample
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A. At the 3" layer the Sn composition was slightly enhanced with gradient rate of 1.6%/um.

Eventually 17.5% Sn incorporation was achieved on top of the 3™ layer.

For sample E, the GeSn VS shows a similar two-layer structure with sample D. The 1% defective
layer was observed with thickness of 380 nm and the 2™ layer of 830 nm thickness is low defect
without distinct boundaries between the steps, suggesting the smooth growth transition. From
SIMS, the two-layer structure and region-I and II in the 1% layer were marked. The Sn content at
region [ is 11.9% and the final Sn content at region II is 15.5%. The gradient rate at region II and
the 2" layer is 21.5%/um and 6.2%/um, both of which are higher than sample A and sample D.
Sample E achieved the final world-record Sn composition of 22.3% after three-step gradient
growth. It is noteworthy that based on the sharp gradient rate at the end of 2™ layer, higher Sn
incorporation than the value of 22.3% is expected if sample E could be grown thicker with the
same recipe. High Sn content of sample E increases light emission efficiency due to more
directness of bandgap and extends operating wavelength up to 3220 nm, evidenced by PL spectra.

4.3.2. Photoluminescence (PL) characterization
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Figure 4.3 (a) Temperature-dependent photoluminescence (PL) of sample E from 10 to 300 K. The
insert: temperature-dependent peak shift. (b) The integrated PL intensity and The full width of half
maximum (FWHM).
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The temperature-dependent photoluminescence (PL) of sample E was plotted in Figure 4.3 (a),
with temperature ranging from 10 to 300 K. A continuous wave (CW) laser emitting at 532 nm
wavelength was used as optical-pumping source. The pumping power was measured as 50 mW
and the beam size was 100 um in diameter. PL emission was spectrally analyzed by the
combination of iHR320 spectroscopy and liquid nitrogen cooled Indium Antimonide (InSb)
detector with the wavelength detection cut-off at 5 um. A SR830 DSP lock-in system along with
a chopper was applied to amplify the PL signal. Samples were mounted in a helium-cooled cryostat
with temperature ranging from 10 to 300 K. For sample E, PL spectra exhibit a clear blue shift
with decreasing temperature, shown in the insert of Figure 4.3 (a). The shift follows classical
Varshni empirical model which describes the temperature dependence of bandgap energy of
semiconductors. The wavelength is extended up to 3220 nm at 300 K. As shown in Figure 4.3 (b),
the integrated PL intensity increases 25 times as temperature decreases from 300 to 10 K, featuring
the true direct bandgap material characteristics. Meanwhile, the FWHM decreases at lower
temperature. The slight absorption from the ambient environment was observed at ~3000 nm

wavelength on the spectra.

4.3.3. Energy Dispersive X-ray Spectroscopy (EDX)
The EDX technique is a powerful tool to determine the local elemental information of
semiconductor materials. In TEM facility, a focused beam of high energy electrons is used to
bombard the sample and excited the electrons from the inner orbitals to the higher energy level,
leaving the vacancies at the inner orbitals. When the electrons transit from high energy level to the
inner orbitals, the excessive energy is released as the emission of X-ray. Through the analysis of

“characteristic” X-ray, the constituent of elements in the TEM samples could be qualitatively
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identified. For most of the elements the analytical accuracy is £2%. Since the TEM sample is

normally less than 100 nm, the spatial resolution could be achieved as high as 10 nm.
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Figure 4.4 EDX-STEM results show Sn composition curves (a), (¢), (), (g), and (i) as function of
scanning depth for samples A, B, C, D, and E, respectively. Bright fields of cross sectional TEM
images of sample A, B, C, D, and E are shown in (b), (d), (f), (h), and (j), respectively.

The EDX-STEM results for all the five GeSn samples of A, B, C, D, and E were shown in Figure

4.4 (a), (¢), (e), (g), and (1), respectively. The two-layer structures of GeSn were shown on EDX

line scans of all the samples, which is highly consistent with the SIMS results. The gradient GeSn

was also confirmed by EDX results. The sharp interfaces between Ge and GeSn were observed

from EDX line scans. The bright field TEM images viewed from [110] direction for all the five

samples of A, B, C, D, and E were shown in Figure 4.4 (b), (d), (f), (h), and (j), respectively. For
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each GeSn layer the highly defective layer at the bottom and low defect layer on the top were
clearly shown. It should be noticed that the scanning paths of EDX are not parallel to growth
direction in order to obtain accurate Sn composition as much as possible.

The symmetric XRD 2e-m scans along (004) plane of sample A, D, and E were plotted in Figure
4.5 (a), (¢), and (e), respectively. The corresponding RSM color contours at the asymmetric (224)
scan were drawn in Figure 4.5 (b), (d), and (f) for sample A, D, and E, respectively. Two-layer
structure was observed for sample A while three-layer characteristic was shown in sample D. For
sample E, the three-step Sn compositional graded structure was not resolved. The layer structure
information from XRD shows high consistency with TEM and SIMS results. The least square
fitting was performed to determine the average Sn compositions and strains for each layer.
Vegard’s law was employed to calculate the relaxed lattice constant of GeSn: agesn, = (1 —
X)Age + xag, + bx(1 — x), where agesp, Age, and agy, are lattice constants of GeSn, Ge and a-
Sn, respectively, x is Sn composition and b is bowing parameter, which has been reported by
various literatures[106][51][107][108]. In this work, the bowing parameter b = —0.066 A was
adopted[108], which has been proven to best fit our experimental result. It should be noted that the
Ge buffer layer undergoes tensile strain up to 0.25%, which is due to the discrepancy of thermal
expansion coefficients between Si and Ge. After cooling down from thermal annealing (7=800°C),

residual tensile strain remains in Ge buffer layer.
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Figure 4.5 The symmetric 2e-® scans (a), (c), and (e) along (004) plane for sample A, D, and E,
respectively. RSMs of XRD (b), (d), and (f) at the asymmetric (224) for sample A, D, and E,
respectively.

While spontaneous-relaxation-enhanced (SRE) mechanism showed its effectiveness based on the
previous work, the microscopic mechanism of GeSn strain relaxation induced high Sn
incorporation as well as high quality material formation is still unclear. A thorough understanding
of the mechanism would provide great insights to guide the future high quality and high Sn
composition GeSn material growth for the development of high performance Si based

optoelectronics. In this chapter, we systemically studied the strain relaxation of two different




regions: 1) GeSn/Ge interface and 2) beyond the critical thickness. It is revealed that the generation
of dislocations at GeSn/Ge interface accommodates the large lattice mismatch and favors the
crystalline nucleation for initial GeSn growth. A self-organized dislocation network is formed
within the first 200-300 nm GeSn layer near the GeSn/Ge interface, which blocks the propagation

of dislocation, leaving the subsequent GeSn layer low defect.

5.1. Critical thickness analysis
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Figure 5.1 Critical thicknesses calculation for GeSn on Ge buffer based on Matthews and Blakeslee
(M-B) model and People and Bean (P-B) model.

The critical thickness /. of GeSn alloy on Ge was calculated using both Matthews and Blakeslee

(M- B) model and People and Bean (P- B) model, as shown in Figure 5.1.

The critical thickness based on M- B model is written as[109],

M-B
he

1 b[1—wvcos?p hME ,
n + 1] Equation 5.1

- g]_‘ (14 v)cosA b

where b is the burger vector, f is the strain value, v is poisson’s ratio, f§ is the angle between slip
plane and the direction perpendicular to intersection line of interface and slip plane and A is the

angle between burger vector b and dislocation line. For GeSn/Ge system, b is the burger vector of
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60° mixed dislocation since it dominates in GeSn epitaxy. So cosff = cosA = 0.5. The value of

AGesSn—AGe

strain f could be estimated as , Where a;esn, Qe are lattice constants of GeSn and Ge,

AGeSn

respectively. Poission ratio v could be obtained by linear interpolation between Ge and a-Sn. The
necessary parameters could be found in Appendix A. Matthews and Blakeslee (M- B) model is
also called mechanical equilibrium model. It describes that misfit stress drives the preexisting
threading dislocations to elongate and form MDs segments[109]. However, this model is not

sufficient to describe the epitaxy that has low interfacial MDs.

People and Bean (P- B) model is based on the energy balance of non-equilibrium theory where the
areal strain energy density is balanced against self-energy of an isolated dislocation[105]. The film
was grown initially free of MDs until the accumulated elastic strain energy exceeds activation

energy of MDs. Thereafter, the dislocations nucleate at the critical thickness /. from the interface.

Based on P- B model, the critical thickness could be revised as[105]

1 21— P=B
¢ o= b " In e Equation 5.2
16V2maf?*1+v b

The experimental critical thickness of GeSn grown on Ge follow the similar trend, but higher than

the predication using P- B model, which assumes that the initial grown film is free of MDs.
However, based on our analysis of dislocation configuration at GeSn/Ge interface, strain energy
is partially relaxed at the initial growth since MDs already generate at the interface. Therefore, the

actual critical thickness remains larger than theoretical predication of P- B model.

5.2. Calculations of elastic energy, effective stress, strain, and relaxation
The strain in the film could be expressed as[110]

Agesn — Qge
fi= oo (h < he) Equation 5.3
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1 (1—vcos®*A)b*1 | 4R
T8 a+wp k"%

A
f2 ) = 7 (h> h.) Equation 5.4

where R is the external cut off radius of dislocation loop, b is the edge component of burger vector

parallel to the interface. Using boundary condition at critical thickness 4., the constant of 4 could
be determined as: A = f; * h.. The parameters used in the calculation were given in Appendix A
using linear interpolation method. Figure 5.2 (a) shows the effective stress and elastic energy of
sample A as a function of thickness. Below critical thickness, effective stress linearly increases
with thickness. Meanwhile, elastic strain energy accumulates. Beyond the critical thickness both
effective stress and elastic energy drop rapidly, inversely proportional to the thickness because of
the formation of large amounts of MDs. Both strain energy and effective stress reach the maximum
at the point of critical thickness /..

a|—Aage

The expression of degree of relaxation is R = . R could also be expressed by strain f,

AGeSn—ag,

which is written as

a 1- —a
R = Gesn( I Ge Equation 5.5

AGesn — Qge

The effective shear stress is given as[55]

1—v  ucosB 1—wvcos?B . 4h .
- bcosA In— Equation 5.6
1+v g 00 1-v d

The elastic strain energy is calculated as[111]

Teff = UCOSP

where t is the film thickness and p is the shear modulus. As shown in Figure 5.2 (b), below critical
thickness the strain remains constant and beyond that strain is reversely proportional to the
thickness because of the generation of dislocation network. The value of strain becomes steady

gradually with continuous growth.
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Figure 5.2 (a) Elastic energy and effective stress of Sample A were plotted as a function of
thickness. (b) Strain and relaxation as a function of thickness were drawn.

5.3.Dislocation configuration at GeSn/Ge interface
The current study of dislocation configuration at GeSn/Ge interface is preliminary while the
relaxation process at the interface for other group IV epitaxy such as Ge or SiGe on Si has been
extensively studied. In this section, the GeSn/Ge interface was investigated by using the high
resolution TEM (HRTEM) technique to probe the dislocation configuration, which could
microscopically reveal the accommodation mechanism of large lattice mismatch at the interface

for the initial GeSn nucleation. Through the analysis of atomic level TEM at the interface, it was
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found that perfect 90° pure edge (Lomer) and 60° mixed dislocations are formed and the 60° mixed
dislocations are dominant over Lomer dislocations at the interface. Intrinsic stacking faults were
also observed, which are associated with two different reactions of dislocations: 60° dislocation
dissociation and Lomer dislocation formation. By introducing dislocations, the compressive strain

near the interface is partially relaxed, favoring the initial crystalline nucleation of GeSn on Ge

buffer.

Figure 5.3 (a) The HRTEM image at the GeSn/Ge interface of sample B. (bl) Zoomed-in image
of area A. (b2), (b3) The inverse FFT images. (c1) Zoomed-in image of area B. (c2), (c3) The
Inverse FFT images.

The dislocation generation at the GeSn/Ge interface was studied for each sample with sample B
as a typical example presented in this paper. Both Lomer and 60° mixed dislocations are formed
near the interface, as shown in bright field HRTEM image viewed from [110] direction in Figure
5.3 (a). The observation of existence of Lomer dislocation was highly consistent with other studies,

even though different CVD reactor and precursors were utilized. From the image, it is clear that
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the 60° dislocations outnumbered the Lomer dislocations, which indicates that the 60° dislocations
are dominant for the low-temperature (<400°C) GeSn epitaxy on Ge. This is because the activation
energy of 60° dislocations is lower than that of Lomer dislocations since the gliding will proceed
through the switching inter-atomic bonds instead of the diffusion motion of individual atoms[112].
The inset shows fast Fourier transform (FFT) pattern with different planes marked. In order to
verify 60° dislocation, magnified high resolution TEM images of area A is shown in Figure 5.3

(bl), exhibiting the typical core structure of 60° dislocation. Its burger vector is identified as

%[112] by drawing the burger circuit encircling the dislocation core. It is equal to the projected

component of burger vector a; [101] of 60° dislocation in the projection of (110) plane. The
corresponding inverse FFT images are obtained by masking {(111)(111)}and {(111)(111)}
planes in FFT patterns, as shown in Figure 5.3 (b2) and (b3), respectively. The extra half plane of
60° dislocation was observed to be located at (111) plane. The magnified high resolution TEM
image of area B presents core structure of Lomer edge dislocation, as shown in Figure 5.3 (cl).
The corresponding burger vector of a; [110], which is obtained by drawing burger circuit, lies in
(001) plane. Since {001} planes are not the gliding planes, Lomer dislocation is hardly mobile.
Inverse FFT images of Lomer dislocation are shown in Figure 5.3 (c2) and (c3), by masking
{(111)(111)} and {(111)(111)} planes in FFT pattern, respectively. Two extra half planes were
observed at different {111} planes. The Lomer dislocation could be treated as the reaction of two

60° dislocations from different {111} planes: %[wi] + %[011] = %[110] J113] It is an

2 2 2
energetically favorable process according to Frank’s b* criteria: a?+a7 > a? Lomer edge

dislocation is twice effective for strain relaxation in comparison with that of the 60° mixed type

because the efficiency of relaxation scales with the length of edge component of burger vector
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projected into the interface[112]. However, due to high nucleation energy, the onset of Lomer

dislocation is kinetically limited for GeSn epitaxy at low temperature growth.

[001]

== 2 =» [010]

@ 1stlayer

[101] (111) Plane

Figure 5.4 (a) Zigzagged intrinsic stacking faults at the GeSn/Ge interface of sample B. (b)
Zoomed-in TEM image of area A. The insert is inverse FFT images. (c) Thompsons tetrahedron
diagram. (d) In zoomed-in image of area B. (e) The glide motion of top atoms.

The zigzagged intrinsic stacking faults were also observed at the GeSn/Ge interface of sample B
as shown in Figure 5.4 (a). The stacking faults start from the GeSn/Ge interface, and then wander
through both Ge and GeSn along {111} planes, and end at the GeSn/Ge interface. The stretching
angle between two stacking faults is 54.7°. The inset shows the corresponding FFT pattern, in
which the streaks along [111] direction indicate the formation of stacking faults. In order to
investigate the formation mechanism of stacking faults, two areas were specifically studied, as
annotated as area A and area B in Figure 5.4 (a). Magnified image of area A shown in Figure 5.4

(b) indicates the presence of Frank partial dislocation at the interface, verified by drawing burger
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circuit. The stacking fault associated with Frank partial dislocation was also observed at GeSn
alloy in the inserted inverse FFT images of Figure 5.4 (b), which was obtained by masking
{(111)(111)} planes in FFT pattern. As stacking fault extends into GeSn, a 90° Shockley partial
dislocation with burger vector % [112] is formed at the edge of stacking fault. Shockley partial
dislocation glides to the interface and reacts with Frank partial dislocation to form a perfect Lomer
dislocation. Therefore, stacking fault is terminated after this reaction[114]. The reaction is given

as:

_ a a
[112](Shockley) + 3 [111](Frank) — 5 [110](Lomer) Equation 5.8

ol a

On the Thompsons tetrahedron diagram, shown as Figure 5.4 (c), it is marked as,
D6 +6C - DC Equation 5.9

It should be noted that during the reaction no energy reduction occurs before and after this reaction

2 2 2
according to Frank’s criteria: % + a? = a? However, there is a significant energy reduction when
stacking fault is terminated during the reaction. Therefore, the overall energy of Frank, Shockley
partials and stacking faults is greater than the energy of perfect Lomer dislocation, indicating that

this process is energetically favorable.

Another mechanism of stacking fault associated with 60° dislocation dissociation was studied as
well. The magnified image of area B shown in Figure 5.4 (d) presents the stacking fault extending

into Ge buffer along (111) plane with the length of 9 nm. Using burger circuit enclosing the
stacking faults, the projected burger vector a: [112] is determined on the (110) plane, referring to

60° mixed dislocation. It indicates that the 60° dislocation dissociates into a pair of glissile 30°
and 90° Shockley partial dislocations bound by stacking fault[115]. The reaction could be written

as,
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a a — a
5 [1011(60°) ~ = [211](30°) + £ [112](90°) Equation 5.10
Or BC(60°) - B5(30°) + 8C(90°) Equation 5.11

on the Thompsons tetrahedron diagram of Figure 5.4 (c).

The total energy after the dissociation is one third lower than that of 60° dislocation, comparing

the energy states of pre- and post- reaction. For the dissociation of 60° dislocation, the glide motion

of top atoms in (111) plane was illustrated in Figure 5.4 (e) with burger vector b marked. Since
the glide of 60° dislocation experiences higher energy barrier than 30° or 90° partial dislocations,
it will decompose into the glide of 30° and 90° partial dislocation with the following sequence.
The 30° partial dislocation glide takes the lead and 90° partial dislocation closely follows in order

to maintain the close packing structure[116].

5.4. Self-organized dislocation network
After the initial nucleation of dislocations at GeSn/Ge interface, the subsequent growth is
pseudomorphic within critical thickness. Meanwhile, elastic strain energy accumulates with
increasing thickness which impedes the Sn incorporation. Beyond the critical thickness,
pseudomorphic epitaxy collapses and dislocations are generated to release the strain energy. As a
result, more Sn atoms are incorporated into lattice sites. After the generation of dislocations, a self-
organized dislocation network is formed as the result of dislocation propagations and reactions.
The typical dark field TEM image of sample B, as shown in Figure 5.5 (a), confirms the formation
of self-organized dislocation network, which was marked as the 1° layer. The 2™ layer is low-

defect, suggesting that the majority of dislocations are localized in the 1% layer.
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Figure 5.5 (a) Dark field TEM images of sample B. (al) Zoom-in TEM image of area A. (b) The
schematic diagram of half loop nucleation. (c¢) The formation of Lomer dislocation.

The formation mechanism of dislocation network could be explained by the following process: 1)
half-loop nucleation of 60° dislocation, ii) half loop propagation and iii) formation of Lomer
dislocation. Magnified TEM image of area A shown in Figure 5.5 (al) exhibits the nucleation of
half loops, which is attributed to the generation of 60° dislocation[117]. The schematic diagram of
half-loop nucleation of 60° dislocation was drawn in Figure 5.5 (b). In the diagram, the 60° mixed
dislocations are dominantly nucleated on the epitaxial surface at critical thickness due to its low
activation energy. Afterwards, the 60° dislocations will elongate along {111} planes as
semicircular half loops[117][118]. Normally the half loops increase the radius continuously due to
the strain field, which would eventually reach the GeSn/Ge interface and then form the linear misfit

segments at the interface and two arms travelling upwards as threading dislocations[117].
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However, another mechanism occurs before the half loops arrive at the interface: When two 60°
dislocations glide along different {111} planes and meet with each other, they will intersect by
cross-slipping mechanism in which one of the 60° dislocations climbs to another plane[118]. If
two 60° dislocations have appropriate burger vectors, they will react and form Lomer dislocation.
The threading components of two 60° mixed dislocations annihilate after the reaction without
having to travel through the film. This process facilities strain relaxation since Lomer dislocation

is more efficient of relieving strain energy.

The total eight equivalent reactions on the pair of {111} planes have been studied and summarized

in Ref.[119]. One typical reaction was schematically drawn in Figure 5.5 (c). One 60° dislocation

on the (111) planes with Bl = %[011] reacts with another 60° dislocation on (111) plane
withTa)2 = %[101], resulting in the formation of Lomer dislocation on (001) plane with 53 =

% [110]. It could be expressed as,

a —
[011] + 3 [10T] = - [110] Equation 5.12

N
N

Similar process will repeat with the continuous growth to gradually relieve the residual strain
energy. After the formation of Lomer dislocation, a self-assembled dislocation network is formed
within the 1% GeSn layer, efficiently accommodating the lattice mismatch between GeSn and Ge.
Therefore, the 1% GeSn layer could act as a sacrificial layer with large amount of dislocations,

leaving low-defect GeSn in the 2" layer.
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5.5. Plan-view transmission electron microscopy (TEM) analysis

Figure 5.6 (a) Bright field plan-view TEM image of GeSn/Ge interface. (b) Plan view TEM image
of the top GeSn layer.

The typical bright field plan-view TEM images of GeSn sample B was shown in Figure 5.6. At
the interface of GeSn/Ge interface, a well-ordered dislocation network aligned along the two
orthogonal [110] orientation at (001) was clearly observed, which originates from the propagation
of 60° mixed dislocations. The results are highly consistent with cross-sectional TEM analysis.
Assuming the TEM sample is 100 nm, the threading dislocations could be estimated. The width of
plan view imaging shown in Figure 5.6 (a) is 1.9 um. The number of threading dislocations are
counted as 33 under the area of 1.9 um*100 nm. The dislocation density could be calculated as
1.7#10'° cm™. The plan view TEM image on top of GeSn layer was shown in Figure 5.6 (b). The
threading dislocations were explicitly observed as the line segments on the GeSn surface. By
counting the number of line segments, the threading dislocation density on top of GeSn layer was
estimated as 9.7*10” cm™. By comparing the misfit dislocations of between GeSn/Ge interface and
at the top of GeSn layer, the dislocation density on top of GeSn layer is two orders of magnitudes

lower than that at the GeSn/Ge interface, which agrees well with the cross sectional TEM imaging.
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Chapter 6.  Gibbs free energy calculation

In order to in-depth investigate the strain effect on Sn incorporation, especially during the 1% GeSn
layer growth, the Gibbs free energy was calculated in both completely relaxed and compressively
strained systems for comparison. Gibbs free energy was proven to provide good approximation of
thermal stability of alloys under equilibrium condition. The minimization of free energy is the
thermodynamic driving force of the stable crystallization. The calculation of Gibbs free energy has
been used to study the thermal stability of GeSn and SiGeSn alloys[103][120]. In this work, the
elastic strain energy was introduced into Gibbs free energy to estimate thermodynamic properties
of compressively strained GeSn alloy. It is revealed that although metastable GeSn alloy was
grown under nonequilibrium condition, our calculation of Gibbs free energy provides good

description of strain effects on Sn incorporation with good agreement of experimental results.

6.1. Gibbs free energy calculation
The calculation assumes: 1) Thermodynamic equilibrium condition, ii) random distribution of Sn
atoms in Ge crystal and vibration of lattice constants due to fluctuation of alloy mixing negligible,

, 111) thin film thickness below the critical thickness limit and (iv) Sn oversaturation condition.
The Gibbs free energy could be expressed as
AG(x,T) = AH(x,T) —TAS(x,T) + Es(x) Equation 6.1
where x and T are Sn composition and system temperature, respectively, AH and AS are mixing
enthalpy and entropy while E; is elastic strain energy per atom.
The ideal enthalpy and entropy are given as
AH(x,T) = ax(1 —x) Equation 6.2

TAS(x,T) = —kT[xIn(x) + (1 — x)In(1 — x)] Equation 6.3
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where « is interaction parameter which scales proportionally with the square of bond length
between two nearest-neighbor atoms[121]. The value of a could be obtained experimentally by

fitting of liquidus and curves in the T — x phase diagram of the alloy system.

The elastic strain energy per atom is written as[122]

1+v
1-v
Hereby, p is shear modulus and v is Poisson’s ratio. Within critical thickness, the value of strain

Eg(x) = 2p

f? Equation 6.4

AGesn—AGe
aGesn

f could be simplified as , where Agesn, e are lattice constants of GeSn and Ge,

respectively. Detailed calculations of the whole range f were provided in section 5.2. The relevant

parameters for GeSn system were listed in Appendix A.
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Figure 6.1 (a) Plots of Gibbs free energy 4G, = 0 and AGs = 0. (b) Gibbs free energy plot at
T=400°C with (G;) and without strain (Gy).

The Gibbs free energy 4G, = 0 and AG; = 0 are shown in phase diagram of Figure 6.1 (a),
representing the stability boundary of unstrained (fully relaxed) and compressively strained GeSn
alloy systems, respectively. Hereby, the stability area (AG < 0) was marked as grey field while
instability area (AG > 0) was colored as purple field. Compared with unstrained curve 4G, = 0,
the whole AGg = 0 curve shifts to the lower Sn composition range because of elastic strain energy,
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thus narrowing the stability area. As a result, the maximum Sn incorporation obtained in stable
strained GeSn system decreases compared with unstrained system under the same temperature.
For 7=400°C, which is the upper limit temperature of our growth, the maximum Sn composition
for strained system is 2.5%, smaller than 3% of unstrained one. More discrepancy of maximum Sn
composition appears at higher temperature range. Similar composition-stability relationship was
further clarified by the calculation of Gibbs free energy G (x, T) at 7=400°C, which was plotted in
Figure 6.1 (b). As shown in the inserted zoomed-in curves, the minimum free energy for strained
and unstrained system occurs at 0.9% and 1.1% Sn composition, respectively. Since AG < 0 is the
driving force of stable crystallization, Sn atoms tend to incorporate less in strained GeSn system
compared to unstrained one in order to minimize Gibbs free energy. The more strained energy

accumulates, the less Sn incorporates into GeSn system.

6.2. Bindoal and spinodal curves
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Figure 6.2 Temperature-composition (T — x) phase diagram of GeSn.

The T — x phase diagram was shown in Figure 6.2, in which bindoal and spinodal curves for

strained system were calculated under equilibrium condition. Bindoal curve represents the
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equilibrium solubility of Sn at the given temperature, corresponding to Sn composition at the

- . : ] . .
minimum point of Gibbs free energy where £ = 0. The spinodal composition was calculated as

2
37(2; = (0. Beyond the spinodal composition the system becomes unstable and spinodal

decomposition occurs. The critical temperature 7.=1560 K is achieved at the top merging point of
both bindoal and spinodal curves, above which the alloy becomes miscible for all the compositions
with random Sn distribution. Below critical temperature, the miscibility gap occurs. The T — x
diagram is divided into three regions by biondal and spinodal curves: I) Stable region in which
GeSn system keeps stable. II) Mestable region. Spontaneous decomposition of GeSn is hampered
by the activation energy barrier. III) Unstable region in which GeSn decomposes spinodally. The
binodal curve of strained GeSn system is also drawn in the diagram. Comparing to unstrained
system, the strained binodal curve shifts to lower Sn composition at the given temperature, which

is consistent with the results shown in Figure 6.1.

6.3. Interplay between strain and Sn composition
In the 2™ layer of GeSn, the relationship between compressive strain and Sn incorporation are
interactive. As discussed above, more Sn could be incorporated with gradual relaxation of
compressive strain, leading to the increase of local microscopic lattice constant. Therefore, more
compressive strain is introduced for successive epitaxy of several atomic layers, which in turn
impedes Sn incorporation. The interplay between strain and Sn incorporation delays the occurrence
of maximum Sn incorporation and results in the long Sn-enhanced tail with continuous growth.
Although the world-record maximum Sn composition of 22.3 % has been achieved in this study,
the steep gradient rates at 2" layer shown in SIMS suggest that Sn incorporation is far from

saturation at the end of GeSn growth. The further continuous growth with the same recipe would
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lead to the “true” maximum Sn composition which is eventually limited by surface chemical

reaction. The detailed analysis is under investigation and will be reported later.

Chapter 7.  High Sn-content GeSn Edge Emitting Laser

7.1. Sample growth

Two GeSn samples A and B was investigated in this work which were grown on relaxed Ge buffer
on Si substrate using ASM Epsilon® 2000 Plus reduced pressure CVD (RPCVD) system. The
commercially available precursors of GeHs and SnCls were utilized. Detailed growth information
could be found somewhere else[44]. For both samples, GeSn virtual substrate (VS) was firstly
grown on Ge buffer with the maximum Sn composition of 16.5% achieved. Both samples were
then grown using multiple-step Sn-enhanced growth recipe. During each growth step of Sn
enhancement the gradient rate of Sn composition was carefully designed to maintain the
continuous epitaxy. After the epitaxy the total GeSn thicknesses of sample A and sample B were
obtained as 1210 and 1420 nm, respectively. Sample A achieved the maximum Sn composition of
22.3%, an unprecedented value so far for CVD technology while sample B was obtained the
maximum Sn content as 20.0%.

Table 7.1 The summary of Sn content, the maximum compressive strain, and the minimum

bandgap for sample A and sample B. The experimental bandgap was extracted from PL spectra at
300 K.

Sample GeSn thickness | The maximum Sn Strain (%) Theoretical/experimental
(nm) content (%) bandgap (eV)
A 1210 223 -0.61 0.359/0.372
B 1420 20.0 -0.52 0.375/0.372

The GeSn thickness and material quality were studied by transmission electron microscopy
(TEM). Sn composition was determined by Secondary lon Mass Spectrometry (SIMS) and cross

checked by data fitting of reciprocal space mapping (RSM) of X-ray diffraction (XRD). Strain

82



information was analyzed by RSM of XRD. Table 7.1 lists the corresponding information of
sample A and B.
7.2.Structural material characterization

Cross sectional dark field TEM images in Figure 7.1 (a) and (d) indicate the two layer structure of
GeSn for sample A and B, respectively: (i) a highly defective layer (1% layer) with thickness of
380 nm for sample A and 450 nm for sample B. The dislocation network forms as the 1% layer near
GeSn/Ge interface in order to accommodate large lattice mismatch between Ge and GeSn. The
majority of misfit dislocations were localized within the 1% layer; (ii) a low defect layer (2" layer)
with thickness of 830 nm and 970 nm for sample A and B, respectively. The extremely high quality
GeSn was obtained at the 2™ layer without the propagation of threading dislocations, which is
ideal for laser applications. Correspondingly, the two distinct layers observed from TEM images
were also marked in SIMS results of sample A and B as shown in Figure 7.1 (b) and Figure 7.1
(e), respectively. SIMS results for sample A and B exhibit the similar behavior of Sn composition.
Both the 1% and 2" layers exhibit spontaneously Sn enhanced gradient. The 1° layer was further
divided in two regions bounded by point X in Figure 7.1 (b) and 7.1 (e), respectively: (i) region I
of constant low Sn content of 12% (sample A) and 11.9% (sample B); (i1) region II of steep Sn-
content grading rate of 21.5%/um (sample A) and 26.7%/um (sample B). In contrast of region II,
the moderate Sn-content grading rates in the 2" layer of sample A and B were obtained as 6.2%/pm
and 3.8%/um, respectively. The boundary between the 1% and 2™ layer was marked as point Y.
The averaged Sn contents in the 2™ layer were calculated as 18.1% for sample A and 17.8% for
sample B, which were marked as point Z on SIMS curves. Sn composition associated with
compressive strain was also obtained by the data fitting of RSM of XRD. From Sn composition

fitting, the point X, Y, Z on SIMS curve were also identified on RSM color contour. The
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compressive strain analysis at point X, Y, Z reveals strain relaxation mechanism of GeSn along
the growth direction. To take sample A as an example, the point X and Y on RSM exhibit strain
relaxation degree of 94% and 70%, respectively. The line X-Y represents crystallization process
at 1 layer of GeSn. The fact that X-Y line follows the trend of relaxation line suggests that the 1
layer is quasi-relaxed. It was attributed to the formation of dislocation network near the GeSn/Ge
interface observed from TEM images shown in Figure 7.1 (a). Large amounts of dislocations were
introduced in the 1% layer in order to release accumulated strain energy, leading to the high degree
of relaxation. Point Z represents the 2™ layer and shows highly compressive strain of -0.62%. The
vertical line Y-Z indicates the pseudomorphicity of the 2™ layer, which shows high consistency
with TEM result. The 2™ layer in TEM image shows few misfit dislocations, suggesting the
pseudomorphic growth of GeSn. The RSM of sample B exhibits the similar behavior of sample A,

further confirming the quasi-relaxed 1° layer and pseudomorphic 2™ layer of GeSn.
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Figure 7.1 Cross sectional dark field TEM images of (a) sample A and (d) sample B viewed from
[110] direction. SIMS plots as a function of depth for (b) sample A and (e) sample B. RSM contour
plots of (¢) sample A and (f) sample B.

7.3. The bandgap diagram calculation
The bandgap diagram along growth direction was calculated based on deformation potential
theory[123], in which the relevant parameters such as bandgap energy, deformation potentials and
elastic constants could be found in Appendix A The result of bandgap diagram was plotted in
Figure 7.2 (b). Four subbands was considered including indirect (Ecr) and direct (Ecr) valleys in
conduction band and heavy hole (Evan) and light hole (Evrn) in valence band, respectively. The
uncertainty of EcL and Ecr originates from different adoption of bandgap bowing parameters of
indirect (br) and direct (br) band edge, which are crucial and have been predicted by various
research team [97][98][99]. However, none of these reach an experimental agreement on the value
of bowing parameters. For the best description of band diagram, the upper limits of br=1.23
eV[98], br=2.49 eV[124] and lower limits of br=0.68 eV[97], br=1.94eV[98] were adopted,
respectively. Ge buffer undergoes tensile strain as 0.19% after high temperature annealing due to
the difference of thermal expansion coefficients between Si substrate and Ge. The tensile strain
results in the decrease of energy difference between Ec. and Ecr and the energy splitting between
Evun and Evin. In contrast, GeSn grown on Ge buffer is under compressive strain, resulting in the
Evun band lifting above Eyim band. The whole GeSn layer exhibits the direct bandgap
characteristics as the result of competition between Sn incorporation and compressive strain. At
region I of the 1% layer, the constant low Sn composition and high strain relaxation result in the
small change of the bands. At region II, Sn content increase rapidly, leading to the sharp decrease
of both direct and indirect bandgap. Meanwhile, the compressive strain accumulates during the

epitaxy, resulting in the continuous increase of energy difference between Evuy and Eyin. The 2™
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layer continues the change of band edge in region II. On the top of the 2™ layer of GeSn the

minimum bandgap was obtained between 0.275 and 0.360 eV.
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Figure 7.2 (a) SIMS profile of sample A. (b) The band diagram calculation of sample A with Sn
compositional graded GeSn structure.

7.4. Photoluminescence (PL) measurement

In order to evaluate the optical properties and the bandgap directness of GeSn, the temperature-
dependent photoluminescence (PL) of sample A was measured, as shown in Figure 7.3 (al) and
(a2). A continuous wave (CW) laser emitting at 532 nm wavelength was used as optical-pumping
source. The beam size was 100 um in diameter. PL emission was spectrally analyzed by the
combination of iHR320 spectroscopy and liquid nitrogen cooled Indium Antimonide (InSb)
detector with the wavelength detection cut-off at 5 um. A SR830 DSP lock-in system along with
a chopper was applied to amplify the PL signal. The blue shift of PL peak following Varshni

empirical model was clearly observed in PL spectra as the temperature decreases from 300 to 10
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K. The PL intensity increases dramatically as the sample cools down. As Figure 7.3 (a2) shows,
the peak PL intensity increases 65 times from 300 to 10 K. Meanwhile, the full width half
maximum (FWHM) decreases rapidly. All the evidences suggest that PL emission originates from
radiative recombination of the true direct bandgap between Ecr and Evun. The PL position at 300

K was extracted as 3340 nm (0.371 eV) by Guassian data fitting. Using the equation: E; = hv —
%kT, The direct bandgap energy was calculated as 0.358 eV, which is consistent with the band

diagram calculation in Figure 7.2 (b). Note that the light absorption from ambient environment
was observed in room-temperature PL spectrum at ~ 3400 nm wavelength. The integrated PL
intensity and peak position at each temperature were extracted, as plotted in Figure 7.3 (b). The
main peak in PL spectra shifts from 0.371 to 0.411 eV and the integrated PL intensity increases 50
times from 300 to 10 K. The power-dependent PL was also investigated, as shown in Figure 7.3
(c). The PL intensity increases significantly with the increase of excitation power density, as
expected. The main peak of spectra exhibits a clear blue shift with high excitation power. The
corresponding wavelength shifts from 3130 to 3032 nm when the pumping power density increases
from 32 to 960 W/cm?. Meanwhile, the FWHM of PL spectra increases dramatically as the
pumping power increases. The clear blue shift of wavelength could be explained by the typical
band-filling effects, which is more pronounced in the tilted band diagram as a result of graded Sn
composition. On the surface region of GeSn layer, the E.r conduction band and Eyun valence band
could be simplified as the triangular potential model. The Ecr band energy as the function of depth
was drawn in Figure 7.3 (d). When the excitation rate of carriers exceeds the instantaneous
recombination rate, the photogenerated carriers are spatially distributed within the penetration
depth into GeSn for a laser source. Then the excess carriers redistribute and transport towards the

top of GeSn layer where the narrowest energy band edge locates. At low excitation power, the
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majority of carriers accumulate at the surface region of GeSn and the interband optical transition
mainly occurs at the narrowest energy band edge. As the excitation power increases, a large
proportion of carriers populate at the wider energy band edge which spatially locates at the inner
region of GeSn layer as a result of Pauli Exclusion Principle. Therefore, the light emissions occur
at the wider band edge, leading to the blue shift of the main PL peak. The broad spatial population
of carriers also results in the increase of FWHM. The theoretical spontaneous emission of the
triangular potential model was calculated in the inset of Figure 7.3 (d), further confirming the blue

shift of PL under high excitation power.

Energy (eV) Energy (eV)
045 04 0.35 05045 0.4 0.35 0.3
T T T 1 0 70 L} T T T L} T L} 0 41
1.0} (a1) —10Kk 4 [ (a2} ks — (b)

—50K | 44 Seof

—77K ok | &
‘__0.8- — 100K 4 0.0 250

5 —150K [ B
s —200K |3"* " 8 a0l

206 ——250K 3 4 E
2 —a300K.{w sk | 8 30}

2 S 0.0 N

=04 4™ TEu
1.9 1x :gll;nss Fitting & 20r

2

0.2 g v i
0.5 R 10}
0 . " ' L : L " 0
2800 3200 3600 2400 2800 3200 3600 4000 0 50 100 150 200 250 300
Wavelength (nm) Wavelength (nm) Temperature (K)
——960 Wicm?
1000 p——640 W/cm?

gth (nm)

—320 Wicm?
— 160 Wicm?
F ——80 Wicm?
| —— 32 Wicm?

[
©
N

Wavelen:

=
=]
=]

7 394 T T T T
H 31208 d
i —E (d)
4 ® Electron ( High Power)
5 - @ Electron ( Low Power) 1
\ 30400
\ Triangle Potential

—— High Power
— Low Power

[ 400 800
Power Density (kW/cm®)

PL Intensity (a.u.)

=]

Bandgap Energy (meV)
w w
=] w0
=] =]

Energy (hu)
Spontaneous Emission
1 1

| 386 7 .
2400 2800 3200 3600 4000 10 20 30 40 50 60 70 80 S0
Wavelength (nm) Depth (nm)

Figure 7.3 (al), (a2) Temperature-dependent PL spectra. (b) The integrated PL intensity and peak
position as a function of temperature. (c) Power-dependent PL spectra at 10 K. Inset: Blue shift of
wavelength with increasing power density. (d) Band filling effect in triangular potential model.
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7.5. Optically pumped GeSn edge emitting laser
The GeSn sample was fabricated to the 5 pm-width and 1.25 mm-length strip waveguide as optical
pumped edge emitting devices to investigate the temperature-dependent lasing performance. The
depth of side wall was etched as 800 nm. The wet chemical etching process at low temperature
0°C was employed using chemical mixture of HCI:H202:H>0=1:1:10. The average etching rate
was controlled as 20 nm/min and etching depth was measured as 1 um. After the etching, the
sample was back lapped down to 70 pm and the cleavage process was followed to form the Fabry-
Perot facets. The optical pumped lasing performance was investigated using a 1060 nm pulsed
laser with 45 kHz repletion rate and 6 ns pulse width. The laser beam was collimated to a 20 um-
width and 3.2 mm-length pumping strip on to GeSn waveguide structure by a cylindrical lens. The
samples was first mounted on a Si chip carrier and put into a liquid nitrogen cold-finger cryostat.
Figure 7.4 shows the schematic diagram of GeSn laser devices and the optically pumped lasing
setup. A computer-controlled variable attenuator was used to automatically measure typical laser-
input versus laser-output (L-L) curve. Through rotating the motor-controlled 2 A wave plate
sandwiched by two linear polarizers, the continuous power change of pumping laser could be

obtained with the automatic control.

W: Width
D: Depth
L: Length

edQe =

Figure 7.4 The schematic diagram of GeSn laser devices and optically pumped lasing setup.
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The laser devices of sample A and B with 5 pm width were named as sample A-5pum and sample
B-5um, respectively. The temperature-dependent laser-input versus laser-output (L-L) curves for
sample A-5um and B-5pum were plotted in Figure 7.5 (a) and (b), respectively. The “kink” behavior
of L-L curves for both samples features the typical lasing behavior with distinct lasing threshold
power density. The sharp slope of integrated intensity above the “kink™ indicates that the lasing
emission dominants over spontaneous emission. Through linear data fitting around the “kink™ area
on the curve, the threshold power density at 77 K for sample A, B-5um were obtained as 203, 168
kW/cm?, respectively. The higher lasing threshold of sample A-5um compared to sample B-5um
is likely due to the degraded material quality as it features the world-record high Sn incorporation.
The characteristic temperature of lasing 7, was also investigated with sample A-Sum as an
example, as shown in the inset of Figure 7.5 (a). The 7, could be determined by fitting the data of

lasing threshold verse temperature. The lasing threshold could be expressed as[93]:

-1
Pip(T) = Ppe To Equation 7.1

where Py, (T) is the lasing threshold, P, is the constant, T; is the absolute temperature and T is
the characteristic temperature which is often used to measure the temperature sensitivity of
threshold. The high characteristic temperature T, indicates the good temperature performance of
lasing.

Through the data fitting of temperature-dependent lasing threshold the 7, was extracted as 70 K,
which is comparable with the preciously demonstrated GeSn laser[41][43]. Figure 7.5(c) and (d)
show the temperature-dependent lasing spectra at 1.5 times of lasing threshold for sample A and
B-5um, respectively. The multimode characteristics of longitudinal Fabry-Perot resonances was
clearly observed. Unfortunately the free spectra range (FSR) of spectra could be not be exactly

extracted due to the long cavity length (1.25 mm) and the limited resolution of spectrometer (up

90



to >0.1 nm). The typical red shift of lasing peak with increase of temperature was observed for
both spectra, which follows the temperature-dependent shift of optical gain. At the maximum
lasing temperature of 150 K (sample A-5um) and 130 K (sample B-5um), both lasing peaks

achieve 3000 nm.
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Figure 7.5 The temperature-dependent L-L curves of the edge emitting devices for (a) sample A-
Sum and (b) sample B-5pum. Inset: characteristic temperature 7, was extracted as 70 K. Lasing
spectra at different temperature for devices of (c) sample A-5um and (d) sample B-5pum. kkkk

The comparison of lasing at 1.5 times of lasing threshold and PL spectra at 77 K temperature for
sample A-5um was conducted, as plotted in Figure 7.6. The FWHMs of lasing and spontaneous
PL spectra were fitted as 85 nm (12.5 meV) and 305 nm (40 meV), respectively. The clear blue-
shift of lasing peak compared to PL peak was observed as 165 nm. It could also be explained on
the basis of the band filling effect. The peak power density per pulse of 1064 nm pumping source
for GeSn lasing was calculated four orders of magnitude higher than that of 532 nm continuous
wave pumping source for PL. Such a high pumping rate of GeSn results in the huge number of
carrier accumulation and the pronounced blue shift of lasing peaks, as explicitly shown in Figure
7.3 (c) and (d). Note that the ultra-high carrier accumulation on the band edge will also cause the

narrowing of intrinsic band-gap, a typical band-gap renormalization by down-shift of conduction
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band edge and up-shift of valence band edge due to the self-energy effects[125]. However, the
corresponding red-shift by band-gap renormalization was highly overcompensated by the blue—
shift of band filling effects. The inset shows pattern of fundamental transverse electric (TEo) mode
at the lasing wavelength of 2900 nm which was calculated by Lumerical 2D mode solver. The
effective refractive index was calculated as 4.31. The optical confinement factor of the low-defect
274 GeSn layer was obtained as 74.6%, suggesting the majority of generated light was strongly
confined inside the waveguide. The superior optical confinement favors high modal gain at the

active region of waveguide.
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Figure 7.6 Comparison of Lasing and PL spectra for sample A-5um at temperature of 77 K. Inset:
The pattern of TE¢ mode at the lasing wavelength of 2900 nm.

7.6. Room temperature GeSn laser
Although the GeSn laser has achieved 3 um lasing wavelength with the high Sn content of 20%
(Sample A) and 22.3% (Sample B), the operating temperature is limited within 150 K due to the
severe heating effects induced by the 1064 nm pumping laser. In order to reduce the heating effect
and increase the operating temperature of GeSn laser, three potential solutions were proposed as
follows:
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1) The first is to decrease the duty cycle of optically pumped laser. By increasing the “cooling
down” time of optical pumping, the heating effects could be minimized. The current frequency
and pulsed width of the 1064 nm pumping laser is 45 kHz and 6 ns, respectively. The
corresponding duty cycle is 0.027%. For the 1064 nm pumping laser, the duty cycle could be tuned
by changing the laser frequency. For example, if the frequency of 1064 nm pumping laser
decreases to the minimum of 10 kHz, the pulse width reduces to 3 ns. Therefore, the duty cycle
could be tuned down to 0.003%, which is nine times smaller than the current one.

2) The second is to choose the large size of GeSn lasing devices. The large dimension of GeSn
devices helps reduce the equivalent surface recombination from the side wall. Therefore, the large
size of device is supposed to have high operating temperature and low lasing threshold.

3) The third is to use the longer-wavelength optically pumped laser. In this section, the 1950 nm
laser with the frequency of 10 kHz and the pulse width of 10 ns was also employed for GeSn lasing
study. The 1950 nm pumping laser could reduce the heating effects significantly. Since the photon
energy of 1064 nm pumping (1.17 eV) is higher than the bandgap energies of Ge buffer (0.8 and
0.66 eV for direct and indirect bandgap, respectively), large numbers of photons could be absorbed
by Ge buffer, which results in the severe local heating. In contrast, the photon energy of 1950 nm
pumping (0.64 eV) is smaller than bandgap energies of Ge and therefore the photons could only
be absorbed by GeSn layer, resulting in no heating factor from Ge buffer. Additionally, the carriers
at the Ge buffer excited by 1064 nm pumping have a transport process towards GeSn layer, which
generates the heating during the interaction between carriers and phonons via the lattice scattering
mechanism. While under the 1950 pumping, no carrier transport process from Ge buffer to GeSn

is expected.
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Figure 7.7 (a) The temperature-dependent L-L curves of sample B-20 um devices. The 1064 nm
pumping laser was utilized. (b) The lasing spectra at the temperature of 200K. The inset: Zoomed-
in lasing spectra.

We investigated the lasing behavior of sample B-20 um devices with 2.6 mm length using 1064
pumping laser. The frequency and duty cycle of the pumping laser are 10 kHz and 0.003%,
respectively. The temperature-dependent L-L curves were shown in Figure 7.7 (a). The “knee”
behavior were clearly observed, suggesting the lasing characteristics. The lasing threshold at 77 K
temperature was extracted 268 kW/cm?. The operating temperature was significantly extended to
240 K. The significant increase of operating temperature is attributed to the reduction of heating
effects by reducing the duty cycle of pumping laser. The typical multiple mode of lasing at 200 K
was shown in Figure 7.7 (b). At 0.9 times power density of lasing threshold (0.9*Pw) only
spontaneous PL spectrum was observed with the peak position of 3236 nm. At 1.1*Pu power
density the multimode of lasing was clearly shown. The corresponding amplified PL peak position
is 3310 nm. The zoomed-in lasing spectrum was shown in the inset of Figure 7.7 (b). The fully
width of half maximum (FWHM) of single mode lasing was measured as 2 nm (0.23 meV), which
is 94 times smaller than the FWHM of spontaneous PL as 188 nm (22.3 meV) at 0.9*Py, power

density.
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Figure 7.8 The L-L curve of sample B-20um at the temperature of 200 K. Note: The logarithmic
scales of both x and y axis

The L-L curve of sample B-20pum at the temperature of 200 K was drawn in Figure 7.8. By the
linear data fitting of the curve, the lasing threshold could be determined as 1610 kW/cm?. Below
the lasing threshold, the spontaneous emission dominates the light output. Above the threshold,
the condition of population inversion is satisfied and the intensity of light emission increases
dramatically via the stimulated emission process. Meanwhile, since the majority of carriers
recombine via stimulated emission, the carrier density in GeSn devices is pinned at the threshold
power density. As a result, the intensity of spontaneous emission was clamped at the threshold
power density as well. When the input power density exceeds 350 kW/cm? the saturation of light
output occurs due to the heating effect, Auger process and non-linear optical effect introduced by

the high carrier density.
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Figure 7.10 (a) The temperature-dependent lasing spectra of sample A-4um devices. (b) The
temperature-dependent lasing spectra of sample A-20um devices.

In order to further improve the GeSn lasing temperature, the 1950 nm-wavelength pumping laser
was used for the investigation of GeSn laser behavior. Two GeSn laser devices of sample A with
the width of 4 and 20 um were employed for lasing measurements. The temperature-dependent L-
L curves for both sample A-4pum and -20pm were shown in Figure 7.9 (a) and (b), respectively.
The GeSn device of sample A-4 um has a lasing temperature up to 180 K by adopting the 1950

nm pumping laser. In contrast, the lasing temperature of sample A-5 um device is 150 K by using
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1064 nm pumping laser. The increase of operation temperature using 1950 nm laser is attributed
to the reduced heating effect. Under the same temperature the lasing threshold of sample A-4 pm
device is lower than the one of sample A-20 um device. For example, at 77 K, the lasing thresholds
of the devices of sample A-4um and -20pm are 150 and 184 kW/cm?, respectively. The highest
lasing temperature of sample A-4 um device is 180 K while the one of sample A-20 um is 240 K,
confirming that the wider device has higher lasing temperature. The lasing spectra of sample A-
4um and -20pum were shown in Figure 7.10 (a) and (b), respectively. Both devices exhibit a clear
red shift of lasing peak with the increase of temperature. From 77 to 180 K, the lasing peak of
sample A-4 um device shifts from 2890 to 2954 nm. In contrast, the lasing peak of sample A-20

um device shifts from 2928 to 3204 nm.
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Figure 7.11 (a) The temperature-dependent L-L curves of lasing devices of sample B with 80 um
width by using the 1950 nm pumping laser. The power-dependent lasing spectra at the temperature
of (b) 265 K and (¢) 270 K.

By optimizing the GeSn laser devices and optically pumped lasing setup, the near room lasing
temperature was eventually achieved by the lasing devices of sample B with the width of 80 um
under 1950 nm pumping laser. The temperature-dependent L-L curves were drawn in Figure 7.11
(a). The highest lasing temperature could extend up to 270 K, which is near room temperature. The

power density of lasing threshold was extracted as 150 kW/cm? at the temperature of 77 K. The
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lasing thresholds at the different temperatures were also extracted. Through the data fitting, the
characteristic temperature could be determined as 54 K. The power-dependent lasing spectra at the
temperature of 265 and 270 K was shown in Figure 7.11 (a) and (b), respectively. Below the
threshold, the spontaneous PL spectra were observed for both operating temperatures of 265 and
270 K. At the 1.5 times of lasing threshold (Pw), the clear multimode lasing spectra were shown.
At the maximum lasing temperature of 270 K, the lasing wavelength extends up to 3442 nm, an
unprecedented worldwide achieved lasing wavelength so far. Table 7.2 summarizes the lasing
results of GeSn lasing devices studied in this chapter. The near room-temperature lasing behavior
demonstrates that GeSn laser has a huge potential towards commercialized mid- infrared laser
which could monolithically integrate on Si platform.

Table 7.2 The summary of GeSn lasing results.

Dimension of laser .
. Lasing performance
device
Pumbin Lasing Maximum | Maximum
Width | Length | Depth lasI;r g threshold lasing operation
Sample (km) | (mm) | (nm) @77 K wavelength | temperature
(nm) (kW/em?) (nm) (K)
A 4 1.25 1950 150 2890 180
5 1.25 1064 203 3000 150
20 1.25 200 1950 184 3204 240
B 5 1.25 1064 168 3000 130
20 2.6 1064 268 3266 240
80 29 1950 150 3442 270
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Chapter 8. Advanced GeSn/GeSn/GeSn Quantum Well (QW)

8.1. Initial GeSn/GeSn/GeSn QW structure

Single quantum well (SQW) and multiple quantum wells (MQWs) have been widely investigated
in the optoelectronic devices due to their advantage in the improvement of electrical and optical
confinement and the reduction of threshold current density of lasers. Numerous efforts have been
exerted to explore the optical properties of GeSn QWs. The polarization-dependent optical gain of
SiGeSn/GeSn/SiGeSn MQW:s was theoretically calculated for the GeSn laser application[103][71]
. Micro-PL study of GeSn microdisk resonator for Ge/GeSn/Ge QWs was performed and revealed
sharp whispering-gallery-mode resonances[52]. The electroluminescence of Ge/GeSn/Ge MQWs
light emitting diode (LED) was also demonstrated[126]. However due to the lack of sufficient
carrier confinement in GeSn well region, the use of Ge as barrier layer is questionable.

In this section, we report the study on Geo.95Sno.05/Geo.o1Sn0.09/Geo.955n0.05 single QW and double
QWs as a potential alternative solution for Ge/GeSn QWs. The samples were grown on Ge-
buffered Si substrate with a single run epitaxy process using a reduced-pressure chemical vapor
deposition (RPCVD) system with commercially available low-cost precursors. The QW structures
as well as optical characteristics were studied. Cross sectional transmission electron microscopy
(XTEM) was performed to probe the crystal quality of QW structures of each layer. Both X-ray
diffraction (XRD) rocking curve and reciprocal space mapping were carried out to quantify
thicknesses, strain values and Sn compositions in each layer. Temperature-dependent PL was
performed to identify both direct bandgap and indirect bandgap transitions. The electronic band
structure and energy level quantization were calculated using effective mass approximation and
propagation matrix method. Type-I band alignments for both QWs were achieved, which provided

insights for future to obtain a favorable carrier confinement in the QW region.
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The QW structures were grown in an industry standard RPCVD (ASM Epsilon® 2000) system
using a single run epitaxy process. Commercially available GeH4, and SnCly precursors were used.
The growth temperature was kept below 400°C, which is compatible with complementary metal—
oxide—semiconductor (CMOS) process. Strain-relaxed Ge buffer layer with ~ 700 nm thickness
was first grown on (100) Si wafer, followed by the growth of QW structures. The original QW
structure design is schematically depicted in Figure 8.1. The single QW and double QWs are
labeled as Sample A and Sample B, respectively. Sample A consists of a 35.2/37.1-nm thick
Geo.95Sno 05 barrier, 8.2-nm thick Geo.91Sno.09 well and a 9.6-nm Ge interlayer between well and

barrier. While sample B contains two stacked single QWs. Both QWs have 16.5-nm thick Ge cap

on the top.
Sample A Sample B
Ge Cap 16.5 nm Ge Cap 16.5 nm
Gepg55Ng g5 39.0 nm
Gegg55n 37.1 nm : '
0-98T0.09 Ge interlayer 9.0 nm
Ge interlayer 9.6 nm GeyeSny 4 QW 8.3 nm
GepsSn,y 4 QW 8.2 nm Geg.955N0.05 40.3 nm
Ge interlayer 9.5 nm
Geg 955N0.05 35.2 nm Gep o Sny, QW 9.3 nm
Geg955Ng o5 38.7 nm
S 2T 700.0 nm Ge Buffer 700.0 nm
(a) (b)

Figure 8.1 Schematic diagram of Geo.95Sn0.05/Geo.91Sn0.00/Ge0.95Sn0.0s (a) SQW (Sample A) and (b)
DQW (Sample B) (not to scale).
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8.1.1. Transmission electron microscopy (TEM) characterization
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Figure 8.2 (a) Cross-sectional TEM image of Sample A and (b) EDX line scanning. (c) TEM image
of Sample B. Inset: FTP. The smooth boundaries at the atomic level was highlighted in (d) zoomed-
in TEM image.

The bright field TEM images are shown in Figure 8.2 (a) and (c¢) for samples A and B, respectively,
which indicate a high crystalline quality without noticeable dislocation and stacking faults at the
interfaces between each layer. Each epitaxy layer is well resolved. In Figure 8.2 (b), the energy-
dispersive X-ray spectroscopy (EDX) line scan further confirms QW structure with sharp
elemental boundaries. The smooth interfaces between each layer suggest the pseudomorphic
growth for the QW structure. A 9.6-nm thick Ge interlayer was clearly observed between the GeSn
well and barrier layers, whose role will be discussed in Section IV. In Figure 8.2 (¢), two stacked

single QWs are separated by a 40-nm thick Geo.95Sno o5 barrier layer, partially for the purpose to
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exam the machine controllability for the growth of such a complicated structure. The zoomed-in
TEM image in Figure 8.2 (d) well identifies sharp interfaces between each layer at the atomic
scale. Fourier transformed pattern (FTP), as shown in the insert of Figure 8.2 (c), shows a pseudo
hexagonal symmetry reflecting cubic crystal structure. The TEM images shown in Figure 8.2
indicate that the defect-free complex GeSn QW structures could be successfully grown in a single
run epitaxy process, which reflects the well-controlled growth capability at low-temperature using
CVD reactor.

8.1.2. X-ray diffraction (XRD) analysis
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Figure 8.3 The XRD 2e-® scan (black line) and the XRD simulation (red line) and RSM

measurements were carried out on Sample A (a and b) and Sample B (c and d).
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The Sn composition, strain value and thickness of each layer were investigated by high-resolution
Phillips X'pert PRO XRD system. In Figure 8.3 (a), the black and red curves are measured data
and simulated results of 2e-» scan for sample A, respectively. The out-of-plane lattice constant
and thickness for each layer of QW structure can be calculated by the simulated 26-» scan curve,
as plotted in the insert of Figure 8.3 (a). The simulated thickness of each layer matches very well
with TEM results. Figure 8.3 (b) shows the reciprocal space mapping (RSM) of sample A, which
indicates that all the layers feature the same in-plane lattice constant with relaxed Ge buffer due to
pseudomorphicity, corresponding to the vertical non-relaxation line (R=0). The average in-plane
lattice constant of each layer could be extracted from the peaks of RSM. Moreover, using elastic
constants and bowing parameters of lattice constant in Appendix A, the residual compressive strain
and composition for each layer were calculated.

Table 8.1 Summary of material characterization results for sample A.

Layer Thickness (nm) | Sn (%) | Strain (%)
Ge Cap 16.5 0 0.01
Geo.955n0.05 Barrier 37.1 4.8 -0.84
Ge interlayer 9.6 0 0.01
Geo.91Sno.00 Well 8.2 9.1 -1.39
Geo.955n0.05 Barrier 35.2 4.8 -0.84
Ge Buffer 700.0 0 0.01

Table 8.2 Summary of material characterization results for sample B.

Layer Thickness (nm) | Sn (%) | Strain (%)
Ge Cap 16.5 0 0.01
Geo.95Sng 05 Barrier 39.0 5.1 -0.79
Ge interlayer 9.0 0 0.01
Geo.91Sno.00 Well 8.3 9.1 -1.35
Geo.95Sn0.05 Barrier 40.3 5.2 -0.79
Ge interlayer 9.5 0 0.01
Geo.91Sno.00 Well 9.3 9.1 -1.35
Geo.955n0.05 Barrier 38.7 5.2 -0.79

Ge Buffer 700.0 0 0

The 2e-w» scan curve and RSM contour plot of sample B are shown in Figure 8.3 (¢) and (d),
respectively. Compared to sample A, more reflection fringe oscillations are shown in 2e-® scan of
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Sample B, suggesting that more layers with smooth interfaces are involved. The RSM of sample
B shows the same pseudomorphic feature as sample A, as can be seen in Figure 8.3 (d). The
material characterization results based on XRD analysis are summarized in Table 8.1 and 8.2.
8.1.3. Photoluminescence (PL) characterization

Temperature-dependent photoluminescence (PL) measurement was performed on both Sample A
and B using a standard off-axis PL setup. A 532 nm continuous wave laser was utilized as a
pumping source. The laser spot size was measured as 100 pm in diameter and the pumping power
was 500 mW. Samples were mounted in a helium-cooled cryostat and temperature was controlled
from 10 to 300 K. Temperature-dependent PL spectra of sample A are shown in Figure 8.4 (a).
Since each GeSn layer in QW structure experiences the compressive strain, the heavy hole (HH)
and light hole (LH) bands in valance band (VB) are split with the maximum point of HH band is
higher than that of LH band, resulting in the majority optical transitions occurring between the
conduction band (CB) to the HH band. The PL spectra show a clear blue shift with decreasing
temperature. The peak shift follows the typical Varshni’s empirical expression which describes the
temperature-dependence of the bandgap energy of semiconductors. At room temperature, two
peaks can be observed: 1) The shorter wavelength peak at ~1950 nm is attributed to the indirect
bandgap transition in GeSn barrier that sandwiched between Ge interlayer and Ge cap, since the
photo-generated carriers could be partially confined in GeSn barrier layer. This peak reduces
rapidly with decreasing temperature as the emission from GeSn well dominates the PL at the
temperatures from 300 to 150 K. 2) The longer wavelength peak located at ~2100 nm corresponds
to the direct bandgap transition in the GeSn well region, which agrees well with theoretical band
structure calculation (which will be explained in section IV). As temperature decreases, the

intensity of direct peak decreases, which is attributed to the reduced number of carriers populating
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the direct I" valley in conduction band. At 150 K, a PL peak at ~2150 nm was observed, and the
peak features monotonic increase at temperatures from 150 to 10 K. This peak is assigned to the
indirect bandgap transition in the GeSn well region. This is because the decrease in non-radiative
recombination at lower temperature leads to band filling in the indirect L valley in CB, resulting
in the enhanced PL emission. Therefore at lower temperature, the indirect peak dominates the PL.
Moreover, the line width of the peak is narrower at lower temperature, indicating the less emissions
that are contributed from the defects. The temperature-dependent PL spectra of sample B are
shown in Figure 8.4 (b). The PL characteristic is very similar to that of sample A. The optical
transitions between the I' (L) valley and the HH band can be observed. However, since the double
QW structure complicates the transition mechanism, the corresponding PL peaks are overlapped
and therefore they cannot be identified separately. The detailed PL study of GeSn DQW will be
reported elsewhere. The features shown at longer wavelength (> 2200 nm) at low temperature

might be related to the defects. Further studies will be conducted to identify the defect

characteristics.
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Figure 8.3 Temperature-dependent PL for (a) Sample A and (b) Sample B shows direct bandgap
transition is dominant for both QWs at room temperature.

105



In order to further understand the PL characteristics, the electronic band structure and quantized
energy levels of sample A were calculated using effective mass approximation and propagation
matrix approach with the selected material parameters at room temperature. Parameters including
the bandgap, deformation potential and effective masses of Si, Ge, and Sn were taken from
Appendix A and valence band offset method discussed in Reference[127] was followed in our
calculations. Four subbands was considered including I" and L valleys in CB and heavy hole and
light hole in VB, respectively. Figure 8.5 shows the band structure diagram of sample A. The
bandgap energies of GeSn well and barrier were calculated suggesting that they both are indirect
bandgap materials. For the Geo.o1Sno.09 well, the energy separation between I' and L valley of 18
meV was obtained, which is smaller than thermal energy at room temperature (1 kT~26 meV).
Such a small energy separation leads to the enhanced direct bandgap transition between I' and 1HH
(ground state of HH) band edge, resulting in the direct PL peak dominates the PL spectrum at 300
K. The band offset shows that the type-I band alignment is achieved, in which both electrons in
the CB and holes in the VB are spatially confined in the GeSn well region. The barrier heights in
CB are AEr =76 meV and AEcL =15 meV at I and L valleys, respectively, indicating that the
better electron confinement was obtained in I" valley in comparison with L valley. The introduction
of Ge interlayer provides larger barrier height of 152 meV in Geo.91Sno.oo well-Ge interface
compared to Geo.91Sno.09 well- Geo.osSnoos barrier interface (76 meV in I' valley), which could
affect the carrier confinement in Geo.o1Sno.09 well region as well as the carriers flowing towards
the surface, and therefore affect the QW PL emission and the surface recombination. It is worth to
point out that the insertion of Ge layer indicates the capability of optimizing the QW structure by
using the well-developed growth method demonstrated in this work. The barrier heights in HH and

LH bands were calculated as 36 and 5 meV, respectively. At lower temperature, due to the reduced
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thermal energy, the improved carrier confinement at L valley in CB was obtained, resulting in the
indirect peak dominating the PL at the temperatures lower than 150 K, as shown in Figure 8.4 (a).
Table 8.3 summarizes the calculation results of band structures of sample A at room temperature.
In the Geo.91Sno.09 well region the quantized energy levels in CBs and VBs were calculated, as

shown in Figure 8.5, which indicates the quantum effect.
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Figure 8.4 The calculated band structure of Sample A indicates type-I band alignment.

As aresult, the HH and LH subbands become nonparabolic because of valance mixing effect while
the CBs stay parabolic, which makes HH effective mass smaller than the bulk counterpart[93].
Furthermore, the compressive strain leads to split of HH and LH bands with the 113 meV of HH
maximum higher than that of LH. Since HH becomes the dominate band for hole population, it
favors the transverse electric mode of light emission. Moreover, the introduction of compressive
strain reduces the hole effective mass at HH bands compared to the unstrained counterpart. Thus

the population inversion condition could be achieved at relative low carrier injection level.
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Table 8.3 The calculated band structure of Sample A

Sample A AEcr AEcL AEvun AEyin | AEirann | AEiLimn | AEg=Egr —
P (meV) (meV) (meV) (meV) (meV) (meV) EgL (meV)
Value 76 15 36 5 590 527 18

8.1.4. Discussion of optical properties of QW
In order to deeply understand the optical transition mechanism of Sample A, the electron
occupation ratio between I" and L valley and lifetime of Shockley-Read-Hall (SRH) process were
calculated, as shown in Figure 8.6. Single electron-temperature electron transferring model was
utilized to calculate electron occupation between conduction valleys[128]. The lifetime of SRH

was estimated using the following equation[129],

Er — Ep
TsrH = Tno [1 + cosh( kT )] Equation 8.1

where E7 is trap energy level and Er is intrinsic Fermi level. The constant 7, is estimated using

Ge parameters.
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Figure 8.5 The electron occupation ratio between I" and L valley, lifetime of SRH process and
statistical number of phonons (insert) verse temperature.

As observed in the PL measurements, the direct bandgap transition is dominant at room
temperature despite the indirect bandgap nature of Geo.91Sno.o9 well. This can be explained as
following: Since the energy separation between I and L valley is small (less than 1 kT) at room
temperature, a large number of electrons at L valley could gain sufficient thermal energy and leap
into I valley. As a result, 0.22% of carriers populates the I" valley. Considering the relative high
recombination rate of direct bandgap, the enhanced light emission from direct bandgap is obtained.
As temperature decreases, the electrons occupation ratio between I' and L valley decreases,
resulting in the decreased direct peak intensity. On the other hand, at the temperature below 150
K, most non-radiative trap states within bandgap are frozen and the lifetime of SRH recombination
is dramatically increased, therefore the indirect bandgap transition dominates the PL at lower
temperature. At the temperatures between 150 and 50 K, the considerable number of phonon may
be responsible for the phonon-assisted emission of indirect bandgap. At temperature below 50 K,
the indirect bandgap emission may be mainly supported by no-phonon (NP)-assisted
recombination process of free excitons[130].

According to the band structure calculation, the barrier heights offered by Geo.95Sng .05 barriers are
insufficient in both CB and VB. From the QW design perspective, it is desirable to have a barrier
layer with separate tuning of bandgap and lattice constant. Based on our theoretical study, the
ternary alloy SiGeSn could be the ideal candidate for the barrier layer. By tuning the incorporations
of Si and Sn into Ge, the lattice and bandgap energy of SiGeSn alloy can be engineered separately.
We have grown SiGeSn/GeSn/SiGeSn QWs with different Si and Sn compositions using the same

CVD growth method. The detailed characterization results will be reported elsewhere.
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8.2. Optimized GeSn/GeSn/GeSn QW structure
While the GeSn/GeSn/GeSn QW shows the promising optical performance, the Ge interlayer
between barrier and well region was unintentionally introduced. The Ge interlayer features the
indirect energy bandgap, prohibiting the realization of type-I quantum well structure. The
introduction of Ge interlayer also complicates the QW structure and blocks carrier transportation
from barrier to well region. The physics mechanism underlying the formation of Ge interlayer was
firstly explored in order to eliminate unintentional Ge layer. Based on the previous discussion of
spontaneous-relaxation-enhanced (SRE) mechanism[104], the built-in compressive strain in QW
was proposed to be responsible for the formation of Ge interlayer. Since the Sn atoms exhibit
larger radius and lower free energy than Ge atoms, the Sn atoms tend to escape the high-
compressive-strain zone[44]. If the accumulated elastic strain energy reaches the threshold, the Sn
atoms in Ge lattice sites would be driven away, leaving the pure Ge in lattice sties. The excess Sn
will float on the surface or evaporate off the surface.
8.2.1. Strain balanced growth of QW

Growth Direction

F 3

The 2" GeSn Barrier

Ge Interlayer

GeSn Well

The 15t GeSn Barrier

Ge Buffer

SnCl, Flow Fraction

Figure 8.6 The schematic diagram of QW structure and the change of SnCl4 flow fraction during
the CVD epitaxy process of QW structure.
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The schematic diagram of QW structure and change of Sn flow fraction during the growth were
drawn in Figure 8.7 in order to explain the formation of unintentional Ge layer. The overall GeSn
QW structure was pseudomorphically grown on Ge buffer. Therefore, the highly compressive
strain remains in the QW, which inhibits the Sn incorporation into both barrier and well region.
After the Ge buffer growth, SnCls was delivered into the reactor chamber with GeH4 and carrier
gas to start the 1% GeSn barrier epitaxy. Under the SnCls oversaturation condition, Sn atoms are
forced to incorporation into the Ge lattice sites. The Sn incorporation is balanced by the
competition between pressure oversaturation of SnCls and compressive strain. Meanwhile, the
compressive strain accumulates during the growth of the 1% GeSn barrier because of the
pseudomorphic epitaxy. The growth of GeSn well region was initiated by increasing the SnCly
flow fraction compared with the 1% barrier. Although the more compressive strain builds up during
the epitaxy, more Sn atoms are pushed into Ge lattice matrix with a higher supersaturated pressure
of SnCls, forming a higher Sn-content thin GeSn layer as the well region of QW. A new growth
equilibrium was reached during the epitaxy of GeSn well region. After the growth of well region,
the compressive strain remains high. In order to grow the 2" GeSn barrier, the SnCls flow fraction
was reduced after GeSn well epitaxy, resulting in the decrease of SnCls supersaturated pressure.
Therefore, the balance between Sn oversaturation condition and compressive strain was broken.
The large compressive strain in high Sn-content GeSn well repels the subsequent Sn incorporation
at the onset of the 2" barrier growth. As a result, the pure Ge interlayer was formed after GeSn
well layer. Then a new growth equilibrium begins to build up. Sn atoms start to incorporate into
Ge lattice sites. The final Sn incorporation remains constant after the epitaxy balance between
SnClys oversaturated pressure and compressive strain is achieved. The 2" GeSn barrier was then

grown on top of Ge interlayer.
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Table 8.4 Design of Sample structures after RP-CVD growth in order to remove the Ge interlayer
of GeSn QW.

Ge(Sn) Interlayer Barrier Well
Sample g “fﬁfr o/~ | Thickness o e o Strain
n (%) | Sn (%) (nm) Sn (%) | Strain (%) | Sn (%) %)
A 0 0 9.6 4.8/4.8 | -0.84/-0.84 9.1 -1.39
B 7.1 0 4.8 56/4.8 | 0.22/0.34 9.4 -0.33
C 8.5 3.5 7.2 85/73 0/0.17 13.7 -0.75
D 9.7 9.7/11.2 ] 0/-0.22 15.5 -0.83

In order to ease the compressive strain in QW structure and eliminate the Ge interlayer, strain-
balanced QW was investigated by using GeSn with variable Sn content as a buffer instead of
Ge[131]. After the Ge buffer on Si the thick GeSn layer was further grown on Ge as the second
buffer layer. The GeSn buffer layer undergoes small compressive strain with high material quality.
The compressive strain in QW could be tuned by changing the Sn composition at the GeSn buffer
layer. Table 8.4 summarized the design of QW structures in order to remove the Ge interlayer. For
Sample A the Ge buffer was adopted while for sample B, C, and D GeSn buffers with different Sn
compositions were exploited.

8.2.2.Secondary ion mass spectrometry (SIMS) analysis
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Figure 8.7 The SIMS profiles of sample B, C, and D were shown in (a), (b), and (c), respectively.
The Ge interlayer was removed gradually from sample B to D.

Figure 8.8 shows the SIMS profiles of QW structures for sample B, C, D for comparison. Sample
A is the pseudomorphic QW which was grown on the Ge buffer. Therefore, the high compressive

strain accumulated in the QW structure. The compressive strain in the barriers and well region is
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-0.84% and -1.39%, respectively. As a result, the unintentional Ge layer is 9.6 nm. Combining
with Table 8.4 and Figure 8.8, the QW of sample B was grown on GeSn buffer with 7.1 % Sn
content. In this case, the barriers of QW was under tensile strain of 0.22% and 0.34% while the
well region is under compressive strain of -0.33% which is 76% less of the strain in well region of
sample A. As a result, the Ge interlayer is narrowed down to 4.8 nm, half of the thickness of sample
A. For sample C, the GeSn layer with 8.5% Sn content was used as the buffer. At the same time,
the GeSn buffer acts as one of the barrier and the other barrier is on the top of well region with
7.3% Sn content. The Sn incorporation in well region increases up to 13.7% and the compressive
strain in well region is -0.75%. The GeSn interlayer with 3.5% Sn content instead of the Ge
interlayer forms between the barrier and well region. The corresponding thickness is 7.2 nm. The
double QW structure of Sample D was grown on GeSn buffer with 9.7% Sn content. The GeSn
buffer acts as one of the barriers as well. From the SIMS of sample D, the Ge interlayer was totally
eliminated in QW, indicating that the GeSn buffer layer effectively eases the compressive strain.
The Sn incorporation in well region reaches up to 15.5% with compressive strain of -0.83%. The
Ge cap layer with the thickness of 13 nm was grown on top of well region. The final remedy of
unintentional interlayer of sample D justifies the effectiveness of compressive strain on the
interlayer formation. It also shows that by applying the GeSn buffer layer the compressive strain
could be reduced. The Sn incorporation in well region increases as well via tuning the compressive

strain.
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8.2.3. PL measurement
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Figure 8.8 The comparison of PL spectra of sample B, C, and D at the temperature of 10 K.

By introducing the GeSn buffer, the compressive strain in QW structure was mitigated, leading to
the increase of Sn incorporation for both barrier and well region. Meanwhile, the decrease of
compressive strain increases the directness of energy bandgap and the true type I direct bandgap
QW of GeSn could be realized. The PL spectra of sample B, C, and D at the temperature of 10 K
were performed for comparison, as shown in Figure 8.9. Since the PL was conducted at the
temperature of 10 K, the majority of carriers are condensed in well region. Therefore, the PL
spectra in Figure 8.9 represent the light emission from well regions. The Sn incorporations of GeSn
buffer for sample B, C, and D are 7.1%, 8.5%, and 9.7%, respectively. As a result, the Sn
incorporations of GeSn well region for sample B, C, and D are 9.4%, 13.7%, and 15.5%,
respectively. The increase of Sn incorporation from sample B to D results from the reduced
compressive strains in QWs by increasing the Sn contents of GeSn buffers. On the PL spectra, a

red peak shift was observed from sample B to D. The PL peaks of sample B, C, and D are 1914
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nm (0.648 eV), 2066 nm (0.6 eV) and 2242 nm (0.553 eV), respectively. The red shift of PL spectra
from B to D is due to the increase of Sn contents in well regions of QWs.

8.2.4. Band diagram calculation
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Figure 8.9 (a) The bright field TEM image of sample D. (b) The band diagram of QW structure of
sample D, showing the type-I band alignment of QW.

The cross sectional TEM imaging of sample D was performed, as shown in Figure 8.10 (a). Each
layer of QW structure on top of GeSn buffer was resolved with sharp interfaces. The thicknesses
of QWs are 6 and 6.5 nm, sandwiching a narrow barrier layer with the thickness of 2 nm. The Ge
cap was measured as 17 nm. From the TEM imaging, no unintentional interlayer was observed
between barrier and well region of QW, furthering confirming the remedy of interlayer due to the
decrease of compressive strain by adopting the GeSn buffer. The band diagram of QW structure
at the temperature of 300 K was calculated using the effective mass approximation and propagation
matrix approach[93], which was shown in Figure 8.10 (b). The bowing parameters of direct (I
valley) and indirect (L valley) bandgap energy was chosen as br=1.95 eV and b =0.68 eV,
respectively. The I' valley of conduction band and the heavy hole (HH) of valance band were
drawn in the band diagram. The type-I band alignment was clearly revealed for QW structure of

sample D, which is advantageous for optoelectronics applications. The first quantized energy
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levels in the well region nir and nign were drawn in the diagram. The nir and niun lie 26 meV
above the I'-valley band and 24 meV below the HH band, respectively. The interband transition

between nir and nign was calculated as 2700 nm (0.459 eV) at room temperature (300 K).

Chapter 9. Summary and Future work

9.1. Summary
For customer-designed UHV-CVD system, the low/high temperature two-step Ge on Si substrate
was firstly investigated in order to explore the CVD machine ability. The Ge on Si could also be
used as a buffer of GeSn growth. After the Ge growth, the thicknesses were measured by
Ellipsometry and the activation energy of epitaxy was extracted as £,=1.07 eV. The 972 nm Thick
Ge buffer with smooth surface and high quality was eventually obtained. The PL. measurements
exhibits the good optical properties of Ge layer. The etch pit method determines the good crystal
properties of Ge with average threading dislocation density of 1.94*107 cm™. High quality of Ge
with low surface roughness acts as a buffer layer for the subsequent GeSn growth. Hot-filament
assisted CVD growth of Ge was also investigated. With the help of hot filament, the thick Ge
sample as well as high quality could be achieved, which is a benchmark of the future GeSn growth.
Plasma enhanced CVD growth of GeSn on Si substrate was conducted in order to testify the
machine ability for GeSn epitaxy with plasma. The GeSn was successfully grown on Si substrate.
However, the overall GeSn on Si wafer is not uniform because of the different of decomposition
energy between SnCls and GeHs. The thickest GeSn as 1154 nm was obtained at the edge of the
wafer. The corresponding Sn composition was achieved as 6.2%. GeSn growth on Ge buffer by
the standard UHV-CVD was also explored. The SnCls was proven to have an important effect on
the quality of GeSn material. High quality of GeSn with mirror-like surface was achieved when

decreasing the SnCls flow fraction down to 1.4*10*, which is the minimum limitation of mass
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flow controllers. With the minimum SnClys flow fraction, the highest Sn incorporation was 8.1%
at the temperature of 250°C, corresponding to the wavelength of light emission as 2080 nm at
room temperature which was verified by PL measurements.

For commercial RP-CVD system, the main goal is to obtain the high quality, high Sn incorporation
thick GeSn film. To serve this purpose, two growth strategies were investigated to analyze strain
relaxation, high Sn incorporation, and their relationship. Compressive strain has a strong effect on
Sn incorporation, which is well explained by Gibbs free energy calculation including elastic strain
energy. The gradual strain relaxation results in spontaneous formation of gradient GeSn. Step
graded GeSn structure relaxes compressive strain more smoothly and the final Sn incorporation of
22.3% was achieved, which is unprecedented so far for CVD technology. Different dislocation
arrangements are revealed at GeSn/Ge interface. The mixed type 60° dislocations are dominant at
the interface over Lomer dislocations. Intrinsic stacking faults are associated with two different
reactions: 60° dislocation dissociation and Lomer dislocation formation. Beyond critical thickness
half loops of 60° dislocations are nucleated and expended outwards as threading dislocations.
Spontaneous gradient GeSn helps terminating threading dislocations by the Hagen-Strunk
multiplication. The well-ordered dislocation network was formed at gradient layer, leading to the
low-defect GeSn on the top. This work provides the thorough analysis of strain relaxation
mechanism of GeSn and offers an essential guidance for low defect GeSn growth with high Sn

content.

The recent progress of group IV GeSn laser has opened up a complete new route towards the
efficient laser source for monolithic integration of Si photonics. The GeSn laser with high Sn
content is highly desirable to cover mid-infrared wavelength. This work demonstrated optically

pumped edge-emitting GeSn lasers with the maximum Sn content of 22.3%. The whole device
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structures were Sn compositional graded, leading to the gradual narrowing of band edge along
growth direction. Using the 1064 nm pumping laser with the duty cycle of 0.027%, the first batch
of GeSn lasing device with 5 pm width and 1.25 mm length achieves up to 150 K lasing

2 and lasing

temperature. The 77 K lasing threshold was measured as low as 168 kW/cm
characteristic temperature was extracted as 70 K. The longest lasing wavelength was achieved as
3000 nm. For the second batch of GeSn lasing devices, the larger lasing devices with 20 pm width
and 2.6 mm length were used. The duty cycle of the 1064 nm pumping laser was changed to
0.003%. The decrease of duty cycle of pumping laser helps suppress the local heating effects
introduced by pumping laser. As a result, the operating temperature increases up to 240 K and the
corresponding lasing wavelength is 3266 nm. For the third batch of GeSn laser devices, the lasing
device with 100 pm width and 2.9 mm length was employed. The 1950 nm laser was used as the
optically pumping source. The local heating effects induced by the pumping laser were
significantly reduced. As a result, the near room temperature GeSn laser was achieved. The
maximum operating temperature is up to 270 K, which is the world record lasing performance of
GeSn lasing devices. The longest lasing wavelength is extended up to 3442 nm. The excellent
GeSn lasing achievement in this work with high Sn composition is an essential path towards Si-
based laser with high performance and board coverage of mid infrared wavelength range.

The more advanced GeSn structure of quantum well was also investigated. For the first batch of
QW samples, The Geo.95Sn0.05/Ge0.91Sn0.09/Ge0.95Sn0.05 single QW and double QWs were
pseudomorphically grown using industry standard RPCVD reactor in a single run epitaxy process.
Atomic-scale high resolution TEM and Fourier transform pattern revealed high crystalline quality
of QW samples, which also reflected the capability of complex structure growth using CVD at low

temperature. An unintentional Ge interlayer was observed between well and barrier regions. The
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thicknesses, compositions and strain values for each layer were measured by XRD. The
temperature-dependent PL spectra showed that the direct and indirect bandgap transitions
dominate the PL at high and low temperatures, respectively. Theoretical calculation of band
structure at room temperature showed that the type-I band alignment was achieved. In order to get
rid of the unintentional Ge interlayer and achieve high Sn incorporation at the well region, the
strain-balanced GeSn/GeSn structure was grown on the variable Sn-content GeSn buffer. The Ge
interlayer was eventually eliminated by introducing GeSn buffer with Sn incorporation as high as
9.7%. As a result, the highest Sn incorporation in well region was achieved as 15.5% and the
corresponding light emission at 10 K was obtained as 2242 nm which was confirmed by PL
measurements.

For the second batch of GeSn QW samples, the Ge interlayer was eliminated by introducing the
GeSn buffer layer with variable Sn incorporations. The compressive strain was firstly proposed to
be responsible for the formation of Ge interlayer. During the QW epitaxy, the accumulated
compressive strain in the well region drives away the Sn atoms from the subsequent GeSn barrier.
To ease the strain effects on Sn incorporation, the thick GeSn buffer layer was firstly grown. Then
GeSn/GeSn/GeSn single and double QWs were grown on top of GeSn buffer. The compressive
strain of QWs could be tuned by varying the Sn content of GeSn buffer. The Ge interlayer of QW
samples was removed gradually by increasing the Sn content of GeSn buffer, which was verified
by the SIMS profiles. Meanwhile, the Sn incorporation in well region increases, resulting in the
direct bandgap characteristics. After the remedy of Ge interlayer, the GeSn/GeSn/GeSn QW
structure was demonstrated as the true type-I structure by band diagram calculation, which is

advantageous for the optoelectronic devices.
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9.2. Future work
1. GeSn growth on Ge buffer by UHV-CVD
For GeSn growth on Ge, the flow fraction of SnCls has been proven to be critical to obtain the
high quality GeSn film with smooth surface. The current flow fraction range for SnCls is 102 —
10*. The flow fraction with 10 order of magnitude enables the effective Sn incorporation at low
temperature while maintaining the good material quality. More Sn incorporation could be achieved
by further lowering the growth temperature and the flow fraction of SnCls, which is difficult for
the current growth condition due to the minimum limitation of mass flow controller. The new gas
mixing system was developed successfully in order to extend the flow fraction range of SnCls
lower than the current minimum of 10**. Before the CVD growth, all the precursors such as GeHa,
SnCls, and Ar were delivered into the cylindrical bottle. The molar fraction of precursors could be
accurately monitored by Residual Gas Analyzer (RGA). The motor-driven agitator inside the gas
bottle assures the uniform mixture of precursors. By employing the gas mixing system the wide
range of flow fraction of SnCl4 could be achieved. High quality GeSn with high Sn incorporation
is supposed to be grown by UHV-CVD with gas mixing system.
2. Plasma enhanced CVD growth of GeSn
The plasma enhanced CVD growth has been proven to be an efficient method to grow thick GeSn
layer on Si substrate. However, due to the huge lattice mismatch between GeSn and Si, large
amounts of misfit dislocations were introduced, deteriorating the material quality of GeSn. In
addition, the compressive strain limits Sn incorporation. The next growth plan is to grow GeSn on
Ge buffer by Plasma enhanced CVD technique in order to accommodate the lattice mismatch
between GeSn and Si. Through easing the compressive strain, high quality GeSn layer with high

Sn incorporation could be grown. One issue of plasma enhanced CVD growth is the uniformity of
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GeSn on the Si wafer due to the difference of decomposition rate between SnCls and GeHs in
plasma. GeSn could only be grown successfully on the edge of wafer. At the center of wafer, pure
Ge layer was grown. To address this issue, one method is to reduce the RF power of plasma to
ease the discrepancy of decomposition rate of precursors. Another possible solution is to update
the gas feeding system into the reactor. The current gas inlet is parallel to the surface of substrate,
resulting in the non-uniform deposition of GeSn across the wafer. The showerhead design of gas
precursors facing to the wafer could assures the homogenous distribution of gases. Therefore, the
uniform GeSn deposition could be improved for plasma enhanced CVD growth.

3. High performance GeSn laser

While the optically pumped GeSn lasing devices have shown the bright prospect towards the room
temperature laser, the lower threshold density of lasing, continuous wavelength lasing and high
power output are the next tasks to achieve the commercialized GeSn laser devices. There are three
potential solutions to reach these goals: 1) pursuing high quality of GeSn. Small amounts of
dislocations will reduce the carrier loss and thus lower threshold density. 2) Higher Sn composition.
More Sn contents could increase the directness of GeSn material, leading to more efficient light
emission. 3) More advanced device structure such as heterostructure or quantum well. The more
advanced structure will assure better carrier and optical confinement and thus higher lasing
performance. The electrically pumped GeSn laser devices is the next step for the commercialized

group IV laser which could be monolithically integrated on Si substrate.
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Appendix A

Table A.1 The relevant parameters of GeSn for the calculation in this dissertation.

Parameters Ge Sn

Lattice constant @ (nm) 0.56573[71] 0.64892[71]
Bowing parameter » (nm) -0.0066[106]

Effective mass m. (m0) 0.038[71] 0.058[71]
Effective mass m;z (m0) 0.0807[71] 0.075[71]
Effective mass my; ;. (m0) 1.57[71] 1.478[71]
Luttinger’s parameters y; 13.38[71] -14.97[71]
Luttinger’s parameters y2 4.24[71] -10.61[71]
Luttinger’s parameters y;3 5.69[71] -8.52[71]

Bandgap E; (eV) 0.7985[71] -0.413[71]
Bandgap E.* (eV) 0.664[71] 0.092[71]
Deformation potentials a. (eV) -8.24[71] -6[71]
Deformation potentials a;, (eV) -1.54[71] -2.14[71]
Deformation potentials a, (eV) 1.24[71] 1.58[71]
Deformation potentials b, (eV) -2.9[71] -2.7[71]
Elastic constants C;; (GPa) 128.53[71] 69.00[71]
Elastic constants C;2 (GPa) 48.26[71] 29.30[71]
Elastic constants Cys (GPa) 68.30[71] 36.20[71]
Calculated Poisson ratio
Cio 0.27 0.30
v Ci1 + Cy2
Shear modulus u (GPa)[132]
(2C44 + C15 — Cy7) 49.52 25.30
L= Caq — 3
Interaction parameter o (eV) 0.27[121][103]
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Appendix B
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Figure B.1 The schematic diagram of the setup of optically pumped edge emitting GeSn laser.

The optical pumped lasing performance was investigated using a two pumping sources: 1) A 1064
nm pulsed laser with 45 kHz repletion rate and 6 ns pulse width; 2) A 1950 nm pulsed laser with
10 kHz repletion rate and 10 ns pulse width. The lasing spectra was spectrally analyzed by the
combination of iHR320 spectroscopy. Two infrared detector were utilized for lasing spectra: 1) A
liquid nitrogen cooled Indium Antimonide (InSb) detector with the wavelength detection cut-off
at 5.0 um; 2) A thermoelectric-cooled lead sulfide (PbS) detector with the cut-off at 3.0 pm. A
SR830 DSP lock-in system along with a chopper was applied to amplify the lasing signal. The
laser beam was collimated to a 20 um-width and 3.2 mm-length pumping strip on to GeSn
waveguide structure by a cylindrical lens. The samples was first mounted on a Si chip carrier and
put into a liquid nitrogen cold-finger cryostat. A computer-controlled variable attenuator was used

to automatically measure typical laser-input versus laser-output (L-L) curve. Through rotating the
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motor-controlled 2 A wave plate sandwiched by two linear polarizers, the continuous power

change of pumping laser could be obtained with the automatic control.
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Appendix C
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Figure C.1 (a) The temperature-dependent recombination rate of direct bandgap of Geo.gsSno.12.
The temperature-dependent carrier lifetime of direct bandgap of Geo.ssSno.12.

The theoretical radiative recombination rate of direct bandgap of Geo.ssSno.12 was calculated with
the temperature from 100 to 300 K, as shown in Figure C.1 (a). As expected, a blue shift of
emission peaks was observed when the temperature decreases from 300 to 100 K. Meanwhile, the
intensity of emission increases dramatically with the decrease of temperature. The temperature-
dependent lifetime of direct bandgap of Geo.ssSno.12 was also calculated in Figure C.1 (b). With the
decrease of temperature from 300 to 100 K, the lifetime decreases as well. The lifetime ranging

from 500 ps to 3 ns was obtained.
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Figure C.2 The calculation recombination coefficient B of direct bandgap of Geo.gsSno.12.
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The total recombination rate of carriers R(n) is[93]

R(n) = An + Bn? + Cn® = Equation C.1

(n)

where An is the non-radiative (SRH) recombination rate; Bn? is the radiative recombination rate

and Cn3 is the non-radiative Auger processes. The carrier lifetime can be calculated as

1
R — Equation C.2
t(n) A+ Bn+ Cn? 4

where 1(n) the carrier lifetime; B is called the recombination coefficient, which could be calculated

as

1
B = Equation C.3
n* T,

The recombination coefficient B of direct bandgap of Geo.ssSno.12 was calculated as the function

of temperature, as shown in Figure C.2. With the decrease of temperature, the recombination

coefficient B decreases monolithically.
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Appendix D
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Figure D.1 (a) The recombination rate of Shockley-Read-Hall (SRH) process as a function of
energy position of traps states within bandgap energy (E:) under different densities of trap states
(Ny). (b) The temperature-dependent carrier lifetime by SRH process with the Ne=10'® cm™ as an
example.

The Geo.ssSno.12 was chosen as an example. The non-radiative recombination rate of Shockley-
Read-Hall (SRH) process as the function of the energy position of trap states which are introduced
by dislocations. The range of densities of trap energy states (N;) between 10' cm™ to 10! cm™
was considered. The recombination rates achieve the maximum when the trap energy (E;) was
located in the middle of direct bandgap energy. With increasing the density of trap states the
recombination rate increases, as expected. The temperature-dependent carrier lifetimes by SRH
process with the N=10' cm™ were also calculated under different temperatures. The SRH
lifetimes reach the minimum when E; locates in the middle. At room temperature (300 K), the

lifetime of SRH ranges from 1 ps to 1 ns.
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Appendix E

GeSn /Ge/Si
Sample #: 0640- UAF
Date 2018-01-24

Doping level Structure # GeSn1BKGe2000ZAr
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Figure E.1 The typical cross section of CVD growth of GeSn on Ge buffered Si.
One of the typical example of cross-section design was shown in Figure E.1. The GeSn sample on
Ge buffered Si substrate was firstly designed prior to the UHV-CVD growth. The Si substrate is a
4-inch P-type (Boron doped) wafer. The base pressure of reaction chamber is 1.8%10® Torr. In
order to improve the uniformity of CVD growth, the substrate is rotated which is driven by servo
motor during the CVD epitaxy. The low/high temperature (375/600°C) two step Ge buffer was
firstly grown on Si substrate. The precursor of GeHs and carrier gas of Ar were used. The pressure
was kept as 1 Torr during the Ge buffer growth. The target thickness of Ge buffer is 1100 nm.
After the Ge buffer growth, the temperature was reduced to 250°C for GeSn growth. The
precursors of GeHs and SnCls were employed. During the GeSn epitaxy the pressure was kept 2

Torr. The target thickness of GeSn epitaxy is 400 nm.
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