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Abstract

GeSn has drawn great attention due to its direct-bandgap characteristic and the
compatibility with Si VLSI technology. While high-performance optoelectronic devices
were fabricated using direct-bandgap GeSn, high carrier mobility and tunneling
probability have been demonstrated owing to its small electron effective mass in the direct
I" valley. In this work, high-quality epitaxial GeSn films were grown by chemical vapor
deposition (CVD), and characterized by various material metrology tools, such as
transmission electron microscopy (TEM), atomic force microscopy (AFM), secondary
ion mass spectrometry (SIMS), X-ray diffraction (XRD), and reciprocal space mapping
(RSM). Increasing its Sn fraction or applying tensile stresses is used to achieve a direct
bandgap in GeSn. In order to achieve a high Sn fraction in GeSn, the effects of the flow
rates of precursors, growth temperature, and relaxed buffer are investigated. For
compressive-strained GeSn films on a Ge virtual substrate (VS), the Sn fraction up to 18
% was demonstrated with a large compressive strain of -2.4 %. Using a GeSn relaxed
buffer, the highest Sn fraction of ~ 24 % is achieved in compressive-strained GeSn films.

Photoluminescence (PL) measurements were performed to characterize the bandgap
energy in GeSn epitaxial films. At room temperature, the direct-bandgap energy of GeSn
monotonically decreases with the Sn fraction. The smallest bandgap energy of 0.295 eV
is demonstrated in the Geo.76Sno.24 film, corresponding to the wavelength of ~ 4.2 um.
The cryogenic (~ 15 K) PL spectra suggest that the indirect-to-direct bandgap transition
in GeSn occurs at a Sn fraction around 8§ %.

Esaki tunnel diodes with negative differential resistance (NDR) were used to
characterize the band-to-band tunneling (BTBT) properties in GeSn. The GeSn Esaki

diodes with clear NDR at room temperature are presented for the first. In the strain-
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relaxed Geo.925Sn0.075 Esaki diodes, extremely high peak-to-valley ratios (PVCRs) of 15
and 219 are achieved at RT and 4 K, respectively. The tunneling current is increased by
strain relaxation and further enhanced as the GeSn epitaxial film is under tensile stresses
since the direct BTBT dominates. High peak current densities of 325 and 545 kA/cm? are
demonstrated in the tensile-strained Geo.925Sno.075 diodes at RT and 4 K, respectively,
which is the highest reported among group-IV Esaki diodes. Both temperature-
dependence of the peak current density and phonon-assisted tunneling spectra suggest
that by applying tensile stresses on GeSn, more electrons populate in the I" valley, leading
to a higher BTBT rate owing to its small electron effective mass.

Last, electron transport in GeSn is investigated by Hall measurements. The highest
Hall mobility is 9,500 cm?/Vs at 75 K in a n-type Geo.s2Sno.is film. At 4 K, the electron
mobility increases with the Sn fraction as the Sn fraction is above 8 %. The mobility
enhancement results from more electrons in the direct I" valley, where electrons have a
smaller effective mass than that in the L valley. The theoretical calculation on the GeSn
electron mobility is also presented and suggests that the mobility enhancement is

attributed to the indirect-to-direct bandgap transition.

Keywords: GeSn epitaxy, chemical vapor deposition, direct bandgap,

photoluminescence, band-to-band tunneling, electron mobility, Esaki diodes.
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Chapter 1  Introduction

1.1 Motivation

GeSn alloys, belonging to the family of Group-IV semiconductors, draw much
attention since it has direct-bandgap characteristics, enabling high-performance electrical
and optical devices. Since GeSn is compatible to the Si VLSI technology, compared to
high-cost III-V (or II-VI) materials, it is very promising for future device applications.
Figure 1-1 illustrates the bandgap energy versus the lattice parameter for Group-IV and
II1-V materials [1]. In SiGe and GeSn alloys, there exist a transition of indirect-to-direct
bandgap from the indirect (X, L) valley to the direct (I') valley in the conduction band.
GeSn becomes a direct-bandgap material at a Sn faction of ~ 10 % [2] and is predicted as
a zero-bandgap material at a Sn faction of ~ 35 % [3]. The direct-bandgap feature makes
GeSn an promising material with high luminescence and absorption efficiency. Besides,
the bandgap energy of GeSn covers the light bands of short-wave infrared (SWIR: 1.5 ~

3 pum), mid-wave infrared (MWIR: 3 ~ 8 um), and long-wave infrared (LWIR: 8§ ~14 um).
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Figure 1-1 Bandgap energy versus lattice constant of group IV and III-V

semiconductors [1].
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Many infrared applications would benefit from GeSn-based optoelectronic devices by
their compatibility with the Si technology [1][4].

In addition to optoelectronic applications, the high carrier mobility in GeSn is also
promising to for logic applications. Figure 1-2 shows carrier mobilities of group IV and
ITI-V semiconductors versus their bandgap energy [5]. Among the bulk materials, Ge has
the highest hole mobility (1,900 cm?/Vs) and a very high electron mobility (3,900 cm?/Vs).
For GeSn alloys, the hole mobility can be even enhanced by compressive strain due to
the small hole effective mass [6], which has been demonstrated in GeSn p-MOSFETs [7]..
Besides, the electron mobility in GeSn is expected to be further boosted to 10° cm?/V-s
[8] due to the direct-bandgap characteristics with a very small effective mass of electrons
in the I" valley [9]. The electron mobility of direct-bandgap GeSn is comparable to high-
electron-mobility III-V semiconductors, such as GaAs and InAs.

The direct-bandgap characteristic is not only promising for high-performance
electronic device applications, but also can enable high-efficiency quantum devices, such
as tunneling logic [10] or spintronic devices [11]. The tunneling probability can be

effectively enhanced owing to its direct bandgap and smaller effective mass [2], enabling
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Figure 1-2 Bandgap energy versus lattice constant of group IV (Si, Ge, Sn) and III-

V semiconductors [5].
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ultra-low power logic applications [12]. In addition to the tunneling application, GeSn
has strong spin-orbit coupling (SOC) effects, a key to the next-generation spintronic logic
[13] and quantum computing [14]. By varying the Sn fraction and strains in GeSn, the
SOC strength can be modulated effectively [15]. A spin ballistic transport was reported
in Ge for the first [16], enabling the spin logic for low-power application. Strong SOC in
Ge enhances the spin flipping rates, which facilitates high-fidelity spin qubits [17]. GeSn
is also cost-effective owing to its compatibility with the Si VLSI technology and could be
used to realize high-performance electronic, optoelectronic, spintronic, and quantum

devices in a single chip in the future.

1.2  Direct Bandgap in GeSn

1.2.1 Band Structure of GeSn

Figure 1-3 shows the calculated band structure of unstrained GeSn with different Sn
fractions. For Ge, the energy difference between the direct (I") and indirect (L) valleys is

Er - EL~ 140 meV. By adding more Sn atoms into a Ge crystal, the energies of both the
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Figure 1-3 Bandgap structure of Ge;xSnx with (a) x =5 %, (b) x =11 %, and (c) x =
17 % [2]. GeSn becomes a direct-bandgap material at a higher Sn fraction.
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Figure 1-4 Contour of (a) bandgap energy and (b) energy difference between direct

I' and indirect L valley in Gei-xSnx with different in-plane biaxial strain [18].

L-valley and I'-valley decrease, while the energy of the I'-valley decreases with a faster
rate than the L-valley. At a low Sn fraction of ~ 5 % in Figure 1-3(a), GeSn remains an
indirect-bandgap material like Ge, but with a smaller energy difference. The indirect-to-
direct bandgap transition occurs at Sn fractions of 6 % ~11 %, while the crossover slightly
varies in different simulation result [18][19]. For GeSn with a high Sn fraction (~ 17 %
in Figure 1-3(c)), it becomes direct-bandgap, and the “direct” energy difference (EL - Er)
increases by further increasing the Sn fraction. However, an elastic strain in GeSn-based
heterostructures would deform its band structure. In the simulation results (Figure 1-4
[18]), the biaxial strain deforms both bandgap energy and change the energy difference.
The compressive strain enhances the ‘indirect’ energy difference (Er - Er). Thus, the

indirect-to-direct crossover is also dependent on the strain condition in GeSn films.

1.2.2 Electron Effective Mass in GeSn

The direct bandgap of GeSn is intuitively considered one of the most promising
properties for optoelectronic devices for high efficiency of light absorption and
luminescence. Moreover, in GeSn, the electron effective mass in the I'-valley is smaller

4
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(a) Electron Effective Mass at the L-point (b) Electron Effective Mass at the I'-point
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Figure 1-5 (a) Longitudinal and transverse electron effective mass at L-point, (b)

Electron effective mass at I'-point of Gei-xSnx for x ranging from 0 to 0.2 [2].

than that in the L-valley. Figure 1-5 shows the calculated effective masses at the L-point
and I'-point in the Ge1-xSnx band structure [2]. The effective mass of L-electrons is at least
three-time larger than that of I'-electrons. In addition, the effective mass of I'-electrons
decreases significantly at a higher Sn fraction. The overall electron mobility of GeSn is
determined by the electron population ratio in I'-valley and L-valley, which complicates
the analysis of electron transport properties in GeSn. This topic will be addressed in this

work.

1.3  Challenges in Material Growth of GeSn

1.3.1 Low Solid Solubility of Sn (~ 1.1 %) in Ge

Despite many excellent properties in direct-bandgap GeSn, there are still some issues
or challenges. One of the major issues is the low solid solubility of Sn fraction of 1.1 %
in Ge (Figure 1-6 [20]). This thermodynamic constraint introduces great difficulty to
obtain high-quality crystalline layers with a Sn fraction for direct-bandgap GeSn.
Accordingly, material preparation by non-equilibrium methods is required to achieve
metastable diamond-structure GeSn alloys. Low-temperature epitaxial processes using
molecular beam epitaxy (MBE) or chemical vapor deposition (CVD) allows the

5
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Figure 1-6  Enlarged view of 0 ~ 1.4 % Sn fraction of Ge-Sn phase diagram [20].

preparation of metastable GeSn films with crystalline quality. Even a high-quality GeSn
alloy can be synthesized, the thermal budget in the fabrication process is severely limited
due to the phase separation. The thermal budget becomes less with a higher Sn fraction
in GeSn. Upon the phase separation occurs, the diamond-structure Ge;xSnx film
irreversibly becomes a mixture of Geo.99Snoor and B-Sn [21]. To avoid the material

breakdown, the low-temperature process is also requested for device fabrication [22].
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Figure 1-7 (a) Strain value of strained Ge1xSnx coherently grown on relaxed GeiySny

buffer and (b) the corresponding bandgap energy in the strained Gei-xSnx [19].
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1.3.2 High-Quality GeSn Epitaxial Films and Strain Engineering

To aim at the monolithic integration of GeSn on a Si platform, epitaxial growth of
GeSn films on Si wafers is commonly adopted. The issue of a very large lattice mismatch
between Si and Gei1xSnx is inevitable, leading to poor quality of GeSn epitaxial films.
The lattice mismatch between Ge and Si lattices is 4.2% (Figure 1-1), and the mismatch
s up to 16 % between Ge and Sn. Early prior works used Ge wafer as the starting substrate
for GeSn epitaxy [23], while most of the recent works deposited a Ge buffer layer on Si
as a virtual substrate (VS) for GeSn epitaxy [24]. Due to the larger lattice constant than
Ge, epitaxial GeSn layers are compressive-strained. On the other hand, to grow a tensile
trained GeSn layer, a substrate or a GeSn buffer with a larger lattice constant is required.
Figure 1-7(a) shows the contour mapping of strained GeixSnx coherently grown on a
relaxed Gei.ySny buffer, and Figure 1-7(b) shows the corresponding bandgap energy in
the strained GeixSnx layer [19]. Although applying more tensile stresses on the GeSn
films leads to direct-bandgap characteristics (upper region in the diagram), it is difficult
to grow high-quality GeSn relaxed buffer a higher Sn fraction to provide the required
tensile stresses. While preliminary results were reported to induce the local strain
relaxation and tensile strain in GeSn films [25][26] ,further work is still required for high-

quality and stain-tunable GeSn epitaxy for practical applications

1.4  Dissertation Organization

In this dissertation, we demonstrate GeSn epitaxy on the Si platform by CVD with
a wide range of the Sn fraction by strain engineering (Chapter 2). Optical properties of
GeSn are characterized by photoluminescence (PL) spectra at low temperatures and the
indirect-to-direct bandgap crossover is investigated (Chapter 3). The tunneling properties

of GeSn are characterized by the band-to-band tunneling (BTBT) current in GeSn Esaki

7
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tunnel diodes. The tunneling current is largely increased due to the direct-tunneling
process and the temperature dependence of the peak tunneling current was investigated
to understand the tunneling and bandgap characteristics (Chapter 4 and 5). Last, the
transport properties of GeSn are characterized by Hall measurements on n-type GeSn
films. The resulting large enhancement on the electron Hall mobility suggests the direct-
bandgap GeSn is promising for electronic devices (Chapter 6). Then this thesis concludes

with discussion, unsolved issues, and future direction in Chapter 7.
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Chapter 2 GeSn Epitaxy by Chemical Vapor

Deposition

Epitaxy of single crystalline GeSn with high material quality is challenging due to
the low equilibrium solid solubility (~1 %) of a-Sn in Ge [20]. The epitaxy technologies
under a non-equilibrium condition are required to increase the Sn fraction higher than the
1 % for useful device applications, such as lasers [25][26], transistors [7][27], and
spintronic devices [11]. The non-equilibrium GeSn epitaxy is usually achieved by low-
temperature growth, such as molecular beam epitaxy (MBE) [23], magnetron sputtering
[28], and chemical vapor deposition (CVD) [29]. The first attempt to grow GeSn alloys
was based on MBE technology in 1990s [30]. However, the low throughput is its main
drawback for mass production. Magnetron sputtering has been reported recently to
increase the throughput issue, while this technique is still immature and the material
quality needs much further improvement [28]. On the other hand, CVD technique for
GeSn epitaxy is promising due to the high throughput and uniformity for a large wafer
size up to 300-mm [31]. High-quality and low-cost GeSn epitaxial films were grown on
Si wafers using a Ge buffer as a virtual substrate by both ultra-high vacuum (UHV) CVD
[32] and reduced-pressure (RP) CVD [24]. In this work, a commercial RPCVD system is

used to grow GeSn epitaxial layers on Si substrates.

2.1 Introduction

A commercial CVD system (ASM Epsilon 2000, Figure 2-1) is used to grow GeSn
epitaxial films on Si wafers in this work. It is a 200-mm single-wafer system. The
processing pressure of this system is designed to be 10 ~ 100 torr. The reaction chamber

is made of a cold-wall quartz, where an 8-inch wafer is placed on a graphite susceptor. A

9
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Figure 2-1 An ASM Epsilon 2000 RPCVD system. The original and extended

precursor gas systems are used for Si/Ge/SiGe or Ge/GeSn epitaxy.

wafer is heated by an array of tungsten halogen lamps, and real-time temperature
monitoring in different zones is performed by thermocouples. The power of the lamps is
adjusted by a PID controller to achieve high uniformity of epitaxial films. Since the wafer
and the susceptor are heated directly by lamps with a heating rate over 2 °C/sec, the
system is also called a rapid-thermal chemical vapor deposition (RTCVD) system.

The precursors for the growth of Si, Ge, and SiGe epitaxial films are silane (SiH4),
DCS (dichlorosilane, SiH»Cl»), and germane (GeHs). For the growth of GeSn, an

extended gas system of digermane (Ge2Hs) and tin tetrachloride (SnCls) was established.

Precursor Gas Box CVD Tool
GeH4 L E: 'M_F.I Injected Line
H L | N ) I-,
(;ez(:lﬁ 4 1 Scrubber
n —
L4 — | Chamber
SiH, P =
Dopant Gas ><
0000009
| D‘Q —r—
PH3 ﬁ — Butterflvt —~
B2H6 * A ; — Valve - I
Carrier Gas ,
H2 % E Vent Line : ’
N2 * = i: Pneumatic Valves Pump

Figure 2-2 RPCVD system gas delivery diagram.
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High-purity H2 (99.9999%) or N2 (99.9999 %) is used as the carrier gas.

Figure 2-2 shows gas delivery and the RPCVD system. The flow rates of the
precursors are controlled by individual mass flow controllers (MFCs) before the
precursors are mixed with the carrier gas and then delivered to the reactor. PH3 and BoHg
are served as the n-type and p-type dopant gases, respectively. For a wider range of doping
concentrations, the dopant gases are diluted with H,. The chamber is pumped
continuously with a two-stage rotary vane pump, and the processing pressure is controlled
by a butterfly valve between the chamber outlet and the pump. At last, the exhaust gas is
delivered to a local scrubber for burn-out.

According to the Ge-Sn phase diagram (Figure 1-6), it is impossible to achieve a Sn
fraction over 1.1 % by the thermal-equilibrium growth method. Therefore, to grow GeSn
alloys with a high Sn fraction, a non-equilibrium process is required, such as low-
temperature growth (e.g. below 350 °C). The low temperature could suppress the Sn
precipitation due to the lower thermal energy for the activation of phase separation. To
facilitate the growth process, more active precursors is preferred. Since high-order silicon
hydrides provides a higher growth rate for Si epitaxy [33], high-order germanium
hydrides, such as digermane (Ge>Hs) and trigermane (GesHg), are good candidates for the
GeSn epitaxy. Since GexHe 1s gaseous and GesHsg is liquid at room temperature, GexHe 1s
selected as the precursor for the GeSn growth to avoid using a bubbler.

Since the bonding energy of Ge-Ge (188 kJ/mol) in Ge,Hg is smaller than that of
Ge-H (288 kJ/mol) in GeHs, Ge2Hg molecules tend to decompose into GeH3 radicals in
the gas phase at a lower temperature. The growth mechanism is schematically depicted
in Figure 2-3 with the following reaction:

Ge,Hgg) + H = GeHs(g) + GeHy (g Eq. 2-1

The underlines represent an atom is bonded on the growth surface (Figure 2-3).
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Figure 2-3 Schematic diagram of the GeHs adsorption from Ge>Hgs) onto a H-

passivated surface [29].

The Ge-Ge bond of the Ge2Hg molecule and the Ge-H bond are broken, and GeHj3 radicals
are adsorbed on the surface with the formation of GeHs molecules as by-products, which
is less reactive than Ge;Hs, especially at a very low temperature. It is noteworthy that the
reaction doesn’t require open sites for the GeHs adsorption, so it is less limited by the H-
covered surface for low-temperature growth. Figure 2-4(a) shows an Arrhenius plot of
the Ge growth rate using Ge;Hs at the temperature range of 275 ~ 800 °C [29]. The
transition of GeoHg between the mass-flow regime and the surface-reaction regime is at
350 ~ 400 °C, ~ 100 °C lower than that of GeH4 [34][35]. Figure 2-4(b) compares the
growth rates of Ge using GeHs and Ge>Hs at temperatures of ~ 400 °C [34]. Using H; as
the carrier gas and under the same partial pressure, the Ge growth rate by Ge2Hs is 3.5
times higher than that by GeH4. Both the lower transition temperature and the higher
growth rate are attributed to the lower bonding energy of Ge-Ge in Ge;He. Besides, the
GexHe growth rate using N> as the carrier gas is slightly higher that using H> because more
open surface sites without hydrogen passivation enhance the adsorption of the precursor
molecules. As a result, GeoHs is more suitable for low-temperature epitaxy. In practice,
since the boiling point of GexHg (29 °C) is slightly higher than room temperature, we
utilize the diluted 10% Ge>Hg in H> stored in a gas cylinder to prevent condensation.
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Figure 2-4 (a) Arrhenius plot of Ge growth rate by GeaHe [29]. (b) Ge growth rate as a
function of the temperature by GeHs and Ge;He [34]

For GeSn CVD epitaxy, only tin-deuterium (SnD4) [36] and tin-tetrachloride (SnCl4)
[29] were reported. Since SnDj4 s also a hydride, whose characteristics are similar to SiHy4
and GeHa, it might be more ideal for the CVD growth. However, its poor stability leads
to safety concerns for storage. Even though highly diluted SnD4 (~ 1 % in H») could slow
down the SnD4 decomposition, it can only remain stable for six days and be completely
decomposed within two days at room temperature, where the deposited tin metal
catalyzed the further SnD4 decomposition in the cylinder [37]. Although some solutions
can be adopted to extend the storage time, such as special passivation on a storage
cylinder [37] or being stored at liquid nitrogen temperature (-196 °C) [36], it is not cost
effective.

On the other hand, although SnCly is liquid at room temperature, it is widely used
for its stability, low cost, and well development for metal-organic chemical vapor
deposition (MOCVD) and atomic layer deposition (ALD). It is convenient and cost-
effective to extend the gas system for the GeSn epitaxy. Figure 2-5(a) shows a SnCl4
bubbler system in a CVD system. H> is injected to the bubbler of liquid SnCls and mixed

with SnCls vapors. Then the mixed gases are delivered to the CVD reactor. The volume
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Figure 2-5 (a) A schematic diagram of a SnCls bubbler system with a real-time

concentration sensor (b) SnCly vapor pressure versus temperature [38].

concentration of SnCls (Csp¢y,) in the mixed gases can be adjusted by the total bubbler
pressure (Ppuspier) and the vapor pressure of SnCly:

PSnCl4 _ PSnCl4_

Csnet, Eq. 2-2

B Psnci, + P, " Poubbler

The total bubbler pressure is fixed at 3,000 torr by a pressure regulator in the inlet
of Hz, while the vapor pressure of SnCls is controlled by the liquid temperature of SnCly
(5 °C). According to Figure 2-5(b) [38], the vapor pressure of SnCls is 7 torr. Since a
deviation of dynamic pressure and bubbler temperature would result in the fluctuation of
the SnCls concentration in the mixed gas, a real-time concentration sensor (Vecco
Piezocon®) is installed in series before MFC. The real-time SnCl4 concentration is sensed
by measuring the acoustic speed of mixing gas, and the sensor controller will feedback
the corrected gas flow rate (F;{SnCl,/H,} in the unit of sccm) to the MFC. The mass

transfer rate of SnCly (F,,{SnCl,} in the unit of mg/min) is calculated by

260.5 (g/mol)

Fm{SnCl4}(mg/mln) = CSTlCl4, X Fé{SnCl4/H2}(Sccm) X 27 4 (L/mol)

Eq. 2-3

The gas flow rate is then adjusted accordingly based on the measured SnCls concentration

to calibrate the mass transfer rate of SnCls more accurately.
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2.2 GeSn Epitaxial Layers on Si Substrates

Due to the large lattice mismatch between Si and GeSn, direct GeSn growth on a Si
surface is not preferred for high-quality GeSn films [34][39]. Figure 2-6(a) shows the
TEM figure of Geo.92Sno.0s films directly grown on a Si substrate, and quite a few defects
and dislocations are generated in the GeSn layer. The estimated threading dislocation
density (TDD) from the TEM figure is ~ 10! cm™. The additional thermal treatment to
eliminate dislocations is not suitable due to the low thermal budget limited by the GeSn
phase separation. The high dislocation density in the GeSn layer may accelerate the
evolution of Sn precipitation. Reference [40] showed that a high density of Sn atoms are
accumulated along the prorogation line of the threading dislocation from the atom probe
tomography (APT) image. Therefore, we used relaxed Ge buffers as the virtual substrates
(VS) for GeSn epitaxy. Figure 2-6(b) presents a well-developed Ge VS with a lower
threading dislocation density of ~ 10% cm?, enabling the high-quality GeSn epitaxial
growth. Since the GeSn layer is fully strained on the Ge VS, no additional dislocation is
induced in the strained GeSn layer (no visible defect found in the TEM figure). As the
thickness of the GeSn layer becomes larger, the GeSn film will be relaxed again, and

dislocations will be generated.

&

! R oS e ¥ 2
Figure 2-6 ~ TEM images of GeSn epitaxial layers: (a) a GeSn film directly grown on a

Si substrate and (b) a GeSn film pseudomorphically grown on a Ge VS.
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2.2.1 CVD Processes of GeSn Epitaxy

Prime-graded 200-mm Si (001) wafers were used for the GeSn epitaxy. Doping types
and the resistivity of wafers depend on the device applications. Before the epitaxial
growth, Si wafers were dipped in diluted 1:50 HF for 120 seconds and spin-dried in a
warm N ambience. The wafers were placed into the loadlock of the CVD tool and then
transferred into the reactor chamber. Figure 2-7 shows a general process flow of the GeSn
growth. The quartz chamber was first heated to 1170 °C, and the chamber coatings due to
the previous runs were etched by gaseous HCI. The temperature of the susceptor was set
to 600 °C during the wafer loading step. Then the wafer was baked in-situ at 1100 °C in
a H> ambience to remove native oxides, and the Si surface was covered by hydrogen and
ready for the epitaxial steps. A Ge buffer layers (100 ~ 500 nm) was deposited on the Si
substrate at temperatures below 400 °C, preventing the three-dimensional island
nucleation in the Stranski—Krastanow (S-K) growth mode [41]. In order to achieve strain-
relaxation and eliminate threading dislocation of the Ge layer, the wafer was in-situ
annealed by H» at 800 °C for 10 minutes [42][43]. This strain-relaxed Ge layer is served
as a virtual substrate (VS) for the subsequent GeSn deposition. GeSn layers were grown

at a low temperature of ~ 320 °C, and a lower temperature is required for a higher Sn

4Chamber Etch
) H. Baki
S1000f [\ A GeSn
~ H, Annealing
@ 800 | Ge VS
S i
-— - Si (001 b.
E 600. Load Wafer 1(001) su
O 400} ~ }
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|1J Unload

0 >

Time
Figure 2-7 A process flow of the GeSn growth.

16
doi:10.6342/NTU202300648



fraction in GeSn. After the growth steps were finished, the wafer was cooled down below

200 °C and unloaded to the loadlock chamber.

2.2.2 Ge Virtual Substrate

The Ge VS is a cornerstone for Ge-based heteroepitaxy on Si substrates, such as
Ge/GeSi and Ge/GeSn heterostructures. In the early approaches for high-quality Ge
growth, the SiGe graded relaxed buffers from 0 % to 100 % were used, requiring a fairly
thick SiGe buffer layer (~ 10 um) and a chemical-mechanical polishing (CMP) process
[44]. In contrast, the Ge VS by high-temperature annealing can achieve high relaxation
rates, a smoother surface (few nanometers in roughness), and a TDD of ~ 10® cm™ with
a thinner buffer thickness of a few-hundred-nm [42]. The surface roughness and TDD can
be improved further by increasing the Ge thickness to 1 ~ 2 um or performing more
deposition-annealing cycles [45]. Figure 2-8 explains the growth mechanism of Ge VS
by thermal annealing at high temperatures [46]. Due to the large lattice mismatch of 4.2
% between Si and Ge, the fully strained Ge layer can remain only about 3 monolayers (~
0.8 nm), beyond which the 3D island-type growth would occur at a sufficiently high
growth temperature [41]. This growth mode is called Stranski—Krastanow (S-K) mode.

To obtain a thicker Ge layer, the initial Ge growth on the Si surface requires the low-

[7]7 i [7 //Ge o

Si(100) Si(100) Si(100)
(a) (b) (c)
LT Epitaxial Growth HT Epitaxial Growth Thermal annealing
at 400 °C at 600 °C at 800 °C

Figure 2-8 Schematic diagram of the growth mechanism of Ge VS by (a) 400 °C, (b)
600 °C, and (c) 800 °C thermal annealing [46].
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temperature deposition to guarantee a layer-by-layer growth mode, or called Frank—van
der Merwe (FM) mode. A large number of threading dislocations would occur in the Ge
layer. With a relatively thick Ge layer deposited at low temperatures, another Ge layer is
deposited at a higher temperature with a reasonable growth rate. At last, another high-
temperature thermal annealing is performed to glide and annihilate the threading
dislocations. Misfit dislocations are confined at the bottom of the Ge VS, and the density
of threading dislocations is effectively reduced [42] (Figure 2-6(b)). Note that while the
Ge VS is expected to be fully relaxed after the annealing steps, in practice, it is slightly
tensile-strained on the Si substrate, which is due to the difference of the thermal expansion
coefficients between Si and Ge [43][46].

Here, we introduce some useful parameters for the strain engineering of GeSn
epitaxy in this work. First, the strain € describes the elastic condition of an epitaxial layer,

which can be divided into a lateral strain € along the in-plane directions and a vertical

strain €. along the out-of-plane direction:

a”_ao al_ao

g = and €, =

g o Eq. 2-4

where a and a, represent the lattice constant of the layer parallel and vertical to the
surface plane, respectively, and a, denotes the unstrained (fully relaxed) lattice constant
of the layer. Since the epitaxial films are grown on a 8” wafer, the strain (g) of the film
along the in-plane x- and y-directions are the same and defined as the biaxial strain(g)).
Biaxial strain e =g =¢& =¢, Eq. 2-5
The biaxial strain € < 0 means the layer is compressive-strained, while € > 0 means the

layer is tensile-strained. The relationship between ¢ and €. can be described with the

Poisson’s ratio v of the material:
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& 2V

e EETY Eq. 2-6
The relaxation rate R describes the relaxation degree of an epitaxial layer:
a” — dg
R=———"—x100 (%) Eq. 2-7
Ao — as

where ag represents the in-plane lattice constant, of the substrate layer. R = 0 means the
layer is fully strained on the substrate (buffer layer), and R = 100% means the layer is
fully relaxed.

The strain condition of the Ge VS can be calculated from the Ge peak in XRD curves
(Figure 2-10(a)). The strain of the Ge VS is +0.18 % with the relaxation R of 104 %
relative to a Si substrate. Thus, the Ge VS is tensile-strained on a Si substrate, which is
consistent with prior works [43][46]. This tensile strain on a Ge VS leads to a slightly
larger lateral lattice constant than that of bulk Ge. When considering the strain condition
of GeSn films on the Ge VS, the modified lattice constant due to this tensile strain are

used in this work.

2.2.3 Compressive-Strained GeSn on Ge Virtual Substrate

Compressive-strained Ge1xSnx films were pseudomorphically grown on the Ge VS,
with the Sn fraction x up to 18 %. The thickness of GeSn was carefully controlled below
the critical thickness to avoid additional dislocations in the GeSn layer. For example, the
cross-section TEM of compressive-strain Geo.92Sno.0s on Ge is shown in Figure 2-6(b),
and the high-resolution TEM figure at the GeSn/Ge heterointerface is shown in Figure
2-9(a). The clear atomic image at the defect-free interface shows the high crystallinity
and coherent growth of the strained GeSn layer. Figure 2-9(b) shows the surface
morphology of compressive-strained Geo.92Sngog by atomic force microscope (AFM).

The root-mean-square (RMS) surface roughness of 3.16 nm is relatively low and the

19
doi:10.6342/NTU202300648



RMS <4816 nm
V4 =20nm

range

S5um

Figur -9 () A HRTEM image of a GeSn/Ge heterointerface. (b) Surface
morphology of compressive-strained GeSn by AFM. (c) Mirror-like surface of GeSn
epitaxy.

GeSn surface is mirror-like (Figure 2-9(c)). Due to the conformal GeSn growth on Ge VS
without strain relaxation, the GeSn is as flat as the Ge VS [29].

X-ray diffraction (XRD) is a very useful technique to study crystal structures, such
as lattice constants and strain conditions. In this work, the Sn fraction and strain condition
of the GeSn films were determined by single-axis omega-2theta scanning (rocking curve)
or further two-axis XRD mapping (reciprocal space mapping, RSM). The high-resolution
XRD tool (PANalytical X'Pert Pro) was used with an w-20 angular resolution up to
0.0001°. The incident X-ray is Cu-Ka line with a wavelength of 0.154 nm.

Figure 2-10(a) shows XRD (004) rocking curves of compressive-strained GeSn on

o
o
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Figure 2-10  (a) XRD rocking curves of compressive-strained GeSn films on Ge VS.

(b) The compressive strain of GeSn films vs. the extracted Sn fractions.
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the Ge VS with Sn fractions from 4 % to 18 %. The normal vector of the measured sample
is calibrated by the (004) peak position of the Si substrate (26=69.126°). The peak
positions of all Ge VSs are close and at slightly higher angles than that of bulk Ge.
According to the Bragg’s law, a higher diffracting angle means a smaller vertical lattice
constant. The Ge VS is slightly tensile-strained along in-plane directions, and the out-of-
plane lattice constant is shrunk. The peaks of GeSn layers are at smaller angles than that
of the Ge VS. As the Sn fraction increases, the angle of GeSn peaks becomes, indicating
the a larger lattice constant in the GeSn films. Pendelldsung fringes are observed along
with the GeSn peaks for all curves, showing high crystal quality and coherent stacking of
the fully strained GeSn films. Since the angular spacing of the fringes is inversely
proportional to the layer thickness, the thickness of GeSn can be directly extracted in this
case. FWHM (full width at half maximum) of an XRD peak can be used to characterize
the film quality. In order to prevent strain relaxation, the thickness of the GeSn strained
layers are below the critical thickness (10 ~ 50 nm), reducing the signals and leading to a
broad FWHM due to Scherrer broadening (Figure 2-10(a)). On the other hand, the
presence of the Pendellosung fringes associated with the GeSn peak suggests the high
crystallinity of these epilayers. The strains and the corresponding Sn fraction in GeSn
were extracted from the peak position by the Vegard’s law, where the lattice constant and
the Poisson’s ratio of the GeSn films are assumed the linear combination of those for Ge
and o-Sn. Figure 2-10(b) shows the strains and extracted Sn fractions. The highest
compressive strain is up to -2.4 % in the Geo.s2Sno.1s film. The extracted straight line
between the Sn fractions and strain doesn’t pass through the origin with an intercept at
[Sn]= 1.2% due to the slight tensile strain of Ge VS.

To further confirm the strain in the GeSn films, RSM analysis was performed. Figure

2-11(a) shows the normal (224) mapping in a reciprocal space, with the x-axis of the
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Figure 2-11  RSM contour mapping of strained Geos2Sno.1s8 on Ge VS in terms of (a)
reciprocal-space wavevector and (b) real-space lattice constant.
reciprocal along the (220) direction and the y-axis of the reciprocal along the (004)
direction. The raw data by RSM were converted into the real-space lattice constant
(Figure 2-11(b)). The relaxation line represents the fully relaxed condition of the diamond
structure; that is, the in-plane and the out-of-plane lattice constants are equal (Figure
2-11(b)). The peak of Ge VS is close to the relaxation line, but slightly above and below
the relaxation line in Figure 2-11(a) and (b), respectively, showing a small tensile strain
0f 0.18 %. The peak of Geo s2Sno.13 is far below the relaxation line in the reciprocal space
(or above the relaxation line in real space), meaning the GeSn layer is under a large stress.
Furthermore, the peaks of Ge VS and Geo.s2Sno.1s are on the same vertical line, which
suggests the Geo.g2Sno.18 film and the Ge VS have the same lateral lattice constant and the
former is fully strained to the latter.

There exists a critical thickness, which limits the thickness of epitaxial GeSn on a
Ge VS. The critical thickness of GeSn on a Ge buffer has been calculated based on
Matthews and Blakeslee (M-B) model and People and Bean (P-B) model in previous
works [47][48] (black and red lines in Figure 2-12). The M-B model is a mechanical

equilibrium model, which describes that the force from the elastic strain energy in the
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film is large enough to glide threading dislocations and to create misfit dislocations at the
interface [49]. The P-B model is based on the non-equilibrium theory that a thicker film
is required to nucleate a dislocation half-loop to form a (threading) dislocation-free film
[50]. The region below the line of the M-B model is known as the stable region, while the
region between the two lines is known as the metastable region. Due to the near non-
equilibrium condition of GeSn growth, the critical thickness would be closer to the
calculation of the P-B model. In the lower Sn fraction < 5% region, the GeSn layers
became relaxed at a smaller thickness than the number predicted by the P-B model [47].
In the higher Sn fraction > 12% region, some of epitaxial GeSn films have larger critical
thicknesses (blue scatters) than those predicted by the P-B model. In [48], a further
kinetic-limited model at low temperatures considered both the temperature and growth
rate, and suggested a higher critical thickness for GeSn layers by low-temperature CVD
and MBE growth. However, the strain relaxation is not the only limiting factor for the
critical thickness of strained GeSn, especially for a high Sn fraction >15%. For example,
for strained Geo.s2Sno.1s on Ge VS, the Sn precipitation occurs and is observed with lots
of white spots scattering on the wafer surface, while shiny-surface part of wafer still

presents a clear Geo.s2Sno.1g peak with fringes in XRD (red curve in Figure 2-10(a)).
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Figure 2-12  Critical thickness calculation for strained Ge1-xSnx on a Ge buffer based

on M-B and P-B models [47].
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2.2.4 Strain-Relaxed GeSn and GeSn Relaxed Buffers

In order to adjust the strain in the GeSn layer and study the strain-dependent
characteristics, such as band structure and relevant optical and electrical properties, the
strain-relaxed GeSn is served as a relaxed buffer for the tensile-strained GeSn layers. A
high-quality GeSn relaxed buffer can confine misfit dislocations in a region away from
the active region and effectively suppress the penetration of threading dislocations. At the
same time, sufficient relaxation is also important to match the required lateral lattice
constant for the active layers. A simple approach for a GeSn relaxed buffer is to use a
constant Sn fraction with a sufficient thickness to achieve the required relaxation. The
constant buffer has a high defect density near the interface between the buffer and the
underlying substrate. Initially, lots of threading dislocations are created and then gradually
canceled each other as more layers are deposited during the growth. The drawback of the
constant buffer is the required thickness to reduce the threading dislocation density under
a suitable level for device applications. In addition, the high defect density during the
initial stage of the GeSn growth may accelerate the diffusion and the aggregation of Sn
atoms [40], leading to the Sn precipitation. Thus, the constant GeSn buffer is not ideal for
the relaxed buffer.

Another approach to grow a high-quality GeSn relaxed buffer is to use a graded
relaxed buffer with a gradual change of the Sn fraction in GeSn. Usually, a linear grading
of the alloy composition is preferred to make a uniform gradient of lattice constant for
reducing the number of defects and dislocations and leading to better crystal quality [51].
In contrast to the high dislocation density of constant buffers near the initial interface, the
linear graded buffer is expected to have a uniform volume density of misfit dislocations
throughout the layer and creates a lower density of threading dislocations toward the

surface due to more space for dislocations to glide [51]. An empirical model indicates that
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the threading dislocation density is proportional to the composition gradient [52]; that is,
a smaller gradient of the alloy composition leads to fewer threading dislocations. Besides,
the growth temperature is also an important factor for the gliding process of dislocations,
where the higher temperature is better to drive the motion of dislocation [53].

In this work, a high-quality GeossSno.12 linearly-graded relaxed buffer was
developed. After the growth of Ge VS, the GeSn graded relaxed buffer was deposited
with the first layer of Geo.94Sno.0s grown at 320 °C. Subsequently, the flow of SnCls4 was
continuously increased with a fixed flow rate of Ge2Hg to obtain a linear gradient of the
Sn fraction. The graded buffer ended up with the Sn fraction of 12 %. At last, a Geo.ssSno.12
layer with a constant Sn fraction (~ 100 nm) was grown to separate the defective region
and active layer to provide enough space for threading dislocations to glide and annihilate.
Note that the target Sn fraction is 12 % and the actual Sn fraction of the graded relaxed
buffer is characterized by RSM (shown in Figure 2-14 later), which is slightly larger than
the original design.

Figure 2-13(a) shows the cross-section TEM image of a Geo.gsSno.12 graded relaxed

buffer. Two defective regions with high dislocation densities are observed. The first one
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Figure 2-13  (a) A cross-sectional TEM image of a GeSn graded relaxed buffer on a Ge
VS/Si substrate. (b) Surface morphology of the GeSn graded relaxed buffer by AFM.
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is the bottom region of Ge VS on the Si substrate, which compromises the lattice
mismatch between Ge and Si. The second one is in the lower middle of the GeSn graded
relaxed buffer, which releases the strain between GeossSno.12 and Ge. The boundary of
the GeSn buffer and the Ge VS is unclear in the TEM image due to the small difference
in the alloy composition between GeSn and Ge. The estimated interface is marked based
on the thickness of Ge VS measured by a separate experiment. For the GeSn graded buffer,
the initial GeSn layer with a lower Sn fraction was grown without any visible defect. As
the thickness is over the critical thickness, a large number of dislocations appear to release
the compressive strain. With the gradient of the Sn fraction ~ 18 %/nm, the defects are
spread in a defective layer of ~ 400 nm (green arrow). Once the strain is released by misfit
dislocations, the threading dislocation is hardly observed in the top region of the GeSn
relaxed buffer. Thus, the GeSn graded relaxed buffer can provide a high-quality platform
for active layers. Figure 2-13(b) shows the surface morphology of the GeSn graded
relaxed buffer by AFM. The crosshatch patterns result from the misfit dislocation network
in the GeSn relaxed buffer, which indicates the strain relaxation [54]. The RMS surface
roughness is 3.35 nm, similar to the roughness of Ge VS, showing high-quality growth of
the GeSn graded relaxed buffer.

In addition to film quality, the degree of strain relaxation is also important to a
relaxed buffer. Figure 2-14 shows an XRD rocking curve and RSM contour mapping of
a Geo.gsSno.12 graded relaxed buffer. Due to the contributions of the GeSn graded relaxed
buffer with different Sn fractions, the signal of the graded buffer is broadened, except for
a small peak contributed by the top constant Geo.ssSno.12 layer. The rocking curve can’t
provide enough information for the strain condition because the peak position is
influenced by both Sn fraction and strain relaxation rates. Thus, RSM technique is used

to analyze the strain condition of the relaxed GeSn. The Sn fraction of the top GeSn
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Figure 2-14  (a) An XRD rocking curve and (b) RSM contour mapping of a Geo.gsSno.12
graded relaxed buffer on a Ge VS/Si substrate.

relaxed buffer is 14 %, which is slightly higher than the designed Sn fraction of 12 %,
under the same growth condition for the growth of the compressive-strained GeSn on Ge
VS. The deviation is due to the strain relaxation effect, which will be detailed discussed
in Section 2.3.3. The peak position of the constant GeSn buffer layer is below the
relaxation line, meaning the compressive strain remains in the relaxed buffer. The residual
strain € is -0.5 %, and the relaxation rate R is 73.6 %.

Since residual strains are often remained in a relaxed buffer, the relaxation rate is
hardly to reach 100 %. It is required to provide the required Sn fraction and a high
relaxation rate of a relaxed buffer at the same time for comparing different relaxed buffers.
A better way to evaluate a relaxed buffer is to extract its lateral lattice constant aj. In
Figure 2-14 (b), the (100) lattice constant is 5.748 A from the x-value of peak in RSM
contour (strained line), equivalent to the original lattice constant of an unstrained
Geo.89Sno.11 (cross point of strained line and relaxation line). Therefore, this Geo.gsSno.12
graded relaxed buffer is labeled as an “equivalent fully relaxed Geo.soSno.11 buffer”.

To increase the Sn fraction in the GeSn relaxed buffer, the growth temperature must

be reduced (from 320 °C to 305 °C) to further push the growth condition away from
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equilibrium. Figure 2-16 show an RSM mapping with a higher Sn fraction of ~ 17 % in
the GeSn buffer with a residual strain of -1.58 %. Since the strain is not fully released,
the lateral lattice constant is slightly smaller than that for the fully relaxed condition.
Moreover, serious Sn precipitation was observed for the GeSn growth with a higher Sn

fraction.

2.2.5 Compressive-Strained and Tensile-Strained GeSn on GeSn

Relaxed Buffers

A high-quality GeSn relaxed buffer enables strain engineering for GeSn/Ge
heterostructures. Two structures are used in this work (Figure 2-15). The GeSn relaxed
buffer is used to reduce the large lattice mismatch between Ge VS and GejxSnx.
Particularly, for the Sn fraction x > 20 %, the lattice misfit is too large for GeSn layers to
be pseudomorphically grown on the Ge VS. The red rocking curve in Figure 2-15(c),
suggests the 22-nm Geo.76Sno24 layer is pseudomorphically grown on the Geog3Sno.17
graded relaxed buffer. The fringes around the peak of Geo.76Sno.24 indicate the high quality

of both the strained layer and the relaxed buffer. To generate tensile strains in Ge(Sn)

(c) i
GeSn graded Ge VS S
Relaxed Ge,  Sn, buffer [ relaxed buffer i

r-Geg g3Sng 17

Ge VS
Si (001) sub.

(b)

Intensity (a.u.)

Relaxed Ge, Sn, buffer

Gels 64 66
Si (001) sub. Angle(degree)

68 70

Figure 2-15  Epitaxial structures of (a) compressive-strained GeSn and (b) tensile-
strained Ge(Sn) on relaxed GeSn buffers with (c) the associated XRD curves.
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Figure 2-16 RSM contours of (a) compressive-strained Geo.76Sno24 and (b) tensile-

strained Ge on GeSn graded relaxed buffers.

films, the GeSn relaxed buffer is required since the GeSn buffer has a larger lattice
constant than the tensile-strained Ge or GeSn. For the blue rocking curve in Figure 2-15(c),
a 30-nm Ge layer is pseudomorphically grown on a GeSn/Ge buffer stack similar to that
in Figure 2-14 (b). The peak of tensile-strained Ge is at a larger angle than that of the Ge
VS, which shows tensile strains in the top (active) Ge layer.

Figure 2-16(a) shows the strain and Sn fraction of the structure in Figure 2-15(a).
The Sn fraction of the active strained GeSn is 24.1 % with a compressive strain of -1.58%.
The strain is smaller than that of strained Geo.s2Sno.1s on Ge VS in Figure 2-11. Figure
2-16(b) shows the tensile strain of +1.7 % in the Ge layer on the GeSn relaxed buffer. In
both structures, the compressive-strained Geo.76Sn0.24 (Figure 2-16(a)) and tensile-strained
Ge (Figure 2-16(b)) are fully strained on their GeSn relaxed buffers.

The Sn fraction over 20 % is also be confirmed by secondary ion mass spectrometry
(SIMS) and energy-dispersive X-ray spectroscopy (EDS). Figure 2-17(a) shows the SIMS
result of 10-nm Geo.78Sn0.22 on a Geo.92Sno 08 relaxed buffer (determined by XRD). The Sn

fraction is 20 ~ 27 %. Figure 2-17(b) shows the EDS scan on 20-nm Geo.76Sn0.24 on a
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Figure 2-17  (a) SIMS profile and (b) EDS line scan profile of high-Sn GeSn samples.

Geop.83Sng.17 relaxed buffer. The Sn fraction is ~ 25 % with a error of +5 %. All Sn fractions

and strain values were determined by XRD (or RSM) and marked in the following text.

2.3  Growth Mechanism and Approaches of GeSn Epitaxy

with A High Sn Fraction

In order to achieve a high Sn fraction and direct-bandgap in GeSn, the growth
mechanisms of GeSn CVD are systemically studied by varying the precursor ratio,
growth temperature, and the underneath buffer in this thesis. Due to the non-equilibrium
growth of GeSn at low temperatures, growth characteristics and strategies are quite
different from the Si/SiGe/Ge epitaxy. For example, apart from the chemical reaction of
the precursors, the stress on the surface layer plays an important role in the Sn fraction of
the GeSn layer. Thus, the strain condition of the epitaxial films during the growth could
influence the Sn fraction of the GeSn films. Different effects on the Sn fraction, such as
gas ratio, growth temperature, and relaxed buffer, the epitaxial GeSn films are
investigated. At last, the growth strategies for a further higher Sn fraction will be
discussed.
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2.3.1 Effects of Gas Ratio

Gas flows rates (or mass flow) of the precursors are the first important parameter for
the Sn fraction in GeSn. The growth pressure was set at 100 torr, and the carrier gas was
10-slm H; for all growth. For the structures with the associated XRD curves in Figure
2-18(a), the growth temperature is 320 °C with a fixed Ge>Hs flow rate of 200 sccm (10
% diluted in H») and different flow rates of SnCls. With a higher SnCly flow rate, the Sn
fraction is increased from 4 % to 11.5 %. Figure 2-18(b) shows the solid Sn/Ge atomic
ratio in GeSn alloys with the gas Sn/Ge atomic ratio in precursors. For 200-sccm GezHs
(blue curve), the solid ratio increases with the gas ratio. However, the solid ratio is
saturated at 0.12 as the gas ratio is beyond 0.02, leading to a saturated Sn fraction of ~ 12
%. For a lower GexHs flow rate of 100 sccm, the Sn fraction drops abruptly to ~ 1 % with
a gas ratio of ~ 3.8 since the serious Sn precipitation occurs by over-supplied SnCls. For
a higher Ge;Hg flow rate of 300 sccm, the Sn fraction is higher at the same gas Sn/Ge
atomic ratio.

By plotting the Sn fraction vs. the SnCls flow rate in Figure 2-19(a), for the SnCl4

flow rate below 5 mg/min, the Sn fractions are independent of the Ge>Hg flow rate (black

(a) FFix Ge,Hz=200 sccm ~si ] (b)o16
 increase SnCl, flow 3 0.14 112
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Figure 2-18  (a) XRD rocking curves of GeSn films grown with different SnCl4 flow
rates. (b) Solid Sn/Ge ratio and Sn fraction in the GeSn films vs. the gas Sn/Ge ratio.
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Figure 2-19  (a) Sn fraction and (b) growth rate versus SnCls flow rate for GeSn epitaxy
at 320 °C with GexHg flow rates of 100, 200, and 300 sccm.

and blue curves). With a higher SnCl4 flow rate and a GeoHs flow rate of 200 or 300 scem,
the Sn fraction is saturated at 11 ~ 13 %. However, for a lower Ge;Hg rate of 100 sccm,
the coherent growth of pseudomorphic GeSn layers fails at a very small SnCl4 flow rate
due to the large gas Sn/Ge atomic ratio and Sn precipitation . To have a stable growth
condition and a higher Sn fraction in epitaxial GeSn layers, the flow rate of GeoHs must
be as high as possible to prevent Sn precipitation, so the Sn fraction in GeSn can be
effectively controlled by the SnCly flow rate. Furthermore, the growth rate has a linear
dependence on the SnCl4 flow (Figure 2-19(b)). This linear relationship was also reported
at 325 °C and 300 °C in [55], which was attributed to the higher density of the Sn atoms
on the epitaxy surface [55]. The surface Sn atoms with weaker Sn-H bonds are easier to
desorb from the surface, freeing surface sites for the incorporation of Sn and Ge (Figure
2-3). Besides, the Sn atom may catalyze the decomposition of hydride or other —H bonds

[37][56]. Both lead to higher growth rates of GeSn epitaxial layers.
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2.3.2 Effects of Growth Temperature

Due to the saturation of the Sn fraction in GeSn at 320 °C, to achieve a higher Sn
fraction requires a lower temperature. By fixing the precursor flow rates of 300-sccm
GezHg and 12-mg/min SnCly, the GeSn films were grown at lower temperatures. For the
XRD curves in Figure 2-20(a), the GeSn peaks represent the signals of the GeSn layer
with high Sn fractions grown at different temperatures. At lower temperatures, the Sn
fraction is higher, and GeSn peaks are shifted to a lower angle. Similar to the results in
Ref [55], the Sn fraction shows a linear relationship with the growth temperature (blue
line in Figure 2-20(b)). The Sn fraction is increased by 1.5 % per 10 °C decrease in
temperature (blue points and fitting line). While the Sn fraction is up to 17.8 % at 285 °C,
the Sn precipitation occurs as the temperature is further reduced to 275 °C. With a lower
flow rate of SnCly (Figure 2-20(b)), the Sn fractions are smaller than those with a higher
flow rate and a larger slope of 2.16 %/-10 °C. This suggests the Sn incorporation rate is
also affected by the pyrolysis rate of SnCls and its surface reactions and further analysis

is required.
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Figure 2-20  (a) XRD rocking curves of GeSn films grown at different temperatures. (b)

62

Sn fraction versus growth temperature with the same gas flow.
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2.3.3 Effects of Buffer Layers

For strained GeSn on Ge VS, both increasing the SnCls flow rate and reducing the
growth temperature cannot further increase the Sn incorporation. One of the reasons is
that the compressive strain is larger as the Sn fraction in GeSn increases. The large
compressive strain is suggested to limit the Sn incorporation during the growth [57][58],
which was explained through the concept of Gibb’s free energy with an additional strain
energy in the strained GeSn films. As the strained GeSn on Ge VS in last paragraph, the
magnitude of the compressive strain is over 2.4 % for Geo.s2Sno.18. From the inspiration
of the GeSn relaxed buffer, as the discussion in section 2.2.4, we observed that the smaller
compressive strain in the GeSn relaxed buffer seems to enhance the Sn fraction. That is,
areduced strain (or less strain energy) helps the Sn incorporation. The same phenomenon
was reported by different groups [57][58] that the Sn fraction in the relaxed GeSn layer
with fixed growth parameters increases during the growth since the GeSn layer is
gradually relaxed (less compressive strain remained in the GeSn layer), leading to a
higher Sn fraction in the subsequent growth. By applying this strategy, a GeSn layer was

grown at 280 °C on several GeSn relaxed buffers (with different Sn fractions) with the
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Figure 2-21 (a) XRD rocking curves of GeSn films strained on different relaxed buffers.

(b) Compressive strain vs. Sn fraction extracted from RSM data.
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associated XRD curves shown in Figure 2-21(a). The strained GeSn films were
pseudomorphically grown on GeSn buffers with fringes, showing their high quality.
However, the Sn fraction cannot be directly compared from the results of rocking curves.
The higher Sn fraction and lower strain have the opposite effects on the peak position.
That is, the higher Sn fraction would shift the GeSn peak toward a lower angle, while
releasing compressive strain in the GeSn layer would shift the GeSn peak toward a higher
angle. Therefore, the Sn fraction and the compressive strain were extracted by RSM data
individually and plotted in Figure 2-21(b) (solid stars). The three lines show the
relationship between strain and Sn fraction for GeSn films grown on different GeSn
buffers. By increasing the Sn fraction, the compressive strain increases while using a
Ge(Sn) buffer with a higher Sn fraction, the Sn fraction in the GeSn active layer can be
increased effectively with a fixed compressive strain.

To better evaluate a GeSn relaxed buffer, the Sn fraction and strain are plotted against
the in-plane lattice constant of the GeSn buffer in Figure 2-22, respectively. The Sn
fraction is increased from 18 % of GeSn on the Ge VS (a=5.667 A) to 24 % of GeSn on

a relaxed GeSnos3Sno.17 buffer, which is equivalent to a fully-relaxed Geog7Sno.13 layer
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Figure 2-22  (a) Sn fraction and (b) compressive strain in the strained GeSn films on

the different relaxed buffers in the aspect of the in-plane lattice constant.
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with a lattice constant (aj=5.765 A) based on the argument in section 2.2.4. Meanwhile,
the compressive strain is reduced from -2.4 % (on Ge VS) to -1.6 % (on GeSn relaxed

buffer).

2.3.4 Discussion

In this work, a record-high Sn fraction is achieved up to 18 % and 24 % for fully
strained GeSn on a Ge VS and on a GeSn relaxed buffer, respectively, among GeSn films
by CVD. There is still some margin to further increase the Sn fraction. There are two
limitations: one is the Sn precipitation at the low temperature < 275 °C. Another is the
further extension of the in-plane lattice constant of the GeSn relaxed buffer. For the first
limitation, the current gas ratio may reach the limit of saturated Sn fraction and
oversupply of SnCly for 275 °C, as the concept shown in Figure 2-19(a). Thus, the Sn
precipitation occurs upon the deposition of high-Sn layer at 275 °C (with the same gas
flow in Figure 2-20), and there is no diffraction peak for high Sn fraction in its XRD. A
higher Ge;Hg or a lower SnCls flow rate can be used to suppress the Sn precipitation.
Using high-order Ge hydrides, such as Ge;Hs, as the precursor is expected to enhance the
growth rate and suppress the Sn precipitation at low temperatures, which can further
increase the Sn fraction. For the second limitation, a GeSn buffer is required for a high
Sn fraction and a high relaxation rate at the same time. In-situ thermal annealing may help
to enhance the strain relaxation as long as Sn precipitation doesn’t occur. An alternative
method is to use a substrate with a large lattice constant. For example, a Geo.73Sno27 film
was successfully grown by MBE on an InP substrate [57], whose lattice constant is

equivalent to unstrained Geo.7sSno.2s (Figure 1-1).
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Chapter 3  Photoluminescence (PL) of Epitaxial GeSn

Films

3.1 Introduction to Photoluminescence

Photoluminescence (PL) is powerful for the characterization of the bandgap energy
of a semiconductor and the quality of the epitaxial layers. The operation principles are
illustrated in Figure 3-1(a). As excitation light is illuminated onto a semiconductor,
electron-hole pairs are generated by absorbing photons with energies higher than the
bandgap energy. Electrons in the valence band are excited to the conduction band, and
then are scattered with lattices and impurities quickly and relax to the bottom of the
conduction band. This occurs on a time scale of 10712~ 10"'® seconds [60]. In a radiative
recombination process, electrons and holes recombine directly by spontaneously emitting
a photon with the energy corresponding to the bandgap energy. Therefore, measuring the
emitted photons can determine the bandgap energy of the semiconductor. However, the
electron and hole pair can also recombine through non-radiative processes, such as Auger
recombination or Shockley-Read-Hall (SRH) recombination. The SRH recombination is

enhanced by deep states such as dislocations in epitaxial layers [60]. The light emission
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Figure 3-1 (a) Schematic of photoluminescence process in a semiconductor. (b)
Radiative and non-radiative recombination process in GeSn.
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contributed by electron-hole recombination through the bandgap will be suppressed.

Compared to the scattering rates of carriers within the conduction or valence band, the

electron-hole recombination rate is much slower, so the carriers accumulate at the band

edges and contribute the luminescence with a peak energy close to the bandgap energy

[60].

The band structures of GeSn are shown in Figure 3-1(b). Excited electrons populate

inboth I" and L valleys. Fewer electrons populate in the I" valley due to its smaller density-

of-state (DOS) effective mass [2]. However, photoemission via this direct transition (hvi)

is much more efficient than the indirect transition via the L valley (hv2) [61]. The photon

emission from the indirect bandgap requires additional phonon emission or absorption to

conserve the momentum, leading to much reduced emission rates. The light emission via

the direct bandgap is comparable to that of the indirect bandgap even in an indirect-
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Figure 3-2 (a) Room-temperature GeSn PL spectra with (b) curves and (c) extracted

direct and indirect bandgap energies [62]. Low-temperature GeSn PL spectra of (d)
Geo.96Sn0.04, (€) Ge.92Sn0.08, and (f) Geo.oSno.1 [64].
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bandgap GeSn [62][63]. Figure 3-2 shows the GeSn PL results in the literatures [62][64].
Figure 3-2(a) shows the PL spectra of GeSn samples ([Sn]=0 ~ 7 %) at room temperature.
For the fitting curves in Figure 3-2(b), the main PL peak is attributed to the direct-bandgap
emission (green curve), while the indirect-bandgap emission is also observable with a
lower intensity at lower photon energy (red curve). Although the direct-bandgap emission
dominates the GeSn PL spectra at room temperature, the spectra suggests that GeSn is
still an indirect-bandgap material with Sn fraction below 7 %, where the fitting curves for
the indirect and direct bandgap energies show the crossover point of a Sn fraction of 7 %
in Figure 3-2(c). In Figure 3-2(d), the low-temperature PL spectra show the separated
direct-bandgap and indirect emission in Geo.96Sno.04. Since the energy difference between
direct and indirect bandgap is smaller in Geo.92Sno .08, the emission peaks from two valleys
are merged and less distinguishable (Figure 3-2(e)). In Figure 3-2(f), only one emission
peak is observed in Geo.oSno.1 PL spectra since the energy difference is too small to be
distinguished by PL, suggesting the indirect-to-direct transition around Sn fraction of 10
%. In addition to the bandgap energy, PL. measurement could also determine the indirect-
to-direct transition in GeSn alloys. In this work, the GeSn epitaxial films with different

Sn fractions and under different strain conditions are investigated.

3.2 Measurement of Infrared PL Spectra

In the Gei«xSnx alloy system, the bandgap energy ranges from 0.66 eV of pure Ge to
zero bandgap at x ~ 0.35 according to the simulation results [3]. The corresponding
wavelength is extended from short-wave infrared (SWIR, 1 ~ 3 pm) to middle-wave
infrared (MWIR, 3 ~ 5 um) and further. Thus, in this work, the PL. measurement system
was designed to characterize luminescence with A = 5.5 um for GeSn with high Sn

fractions.
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The PL system is shown in Figure 3-3(a). A 532-nm continuous-wave (CW) laser is
used as the optical-pumping source. The power of the laser is 500 mW with a beam
diameter of 2 mm. The laser beam is modulated by a chopper with a frequency of 37 Hz
and a lock-in amplifier is synchronized at the same frequency. The incident laser beam
was focused onto the sample by a focal lens. The emitted photons within a certain solid
angle are collected by a high-numerical aperture (NA) lens (Lens 1) placed at the distance
of its focal length. The second lens focuses the light into the entrance of the
monochromator, which splits the light with different wavelengths by gratings. The
detectors convert the light signal to a current signal and send it to a lock-in amplifier via
a current-to-voltage converter. Two long-wavelength photodetectors were used to detect
the IR luminescence of GeSn. One is a TE-cooled InGaAs photodiode with a cutoff
wavelength of 2.6 um. Another one is a liquid-nitrogen-cooled InSb photodiode with a
cutoff wavelength of 5.5 um. Besides the photodetectors, several specialized components
were also used. For example, the collecting lenses (Lens #1 and #2) were used for high

IR transmissions. A conventional aspherical lens made of crown glass (N-BK7) has a
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Figure 3-3 (a) Schematic of the PL measurement system. (b) Transmission spectrum
of IG6(As40Seeo) for Lens #1 [65]. (c) The gratings in the monochromator.
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transmission cutoff at the wavelength of 2.7 pm, which is suitable for the NIR and SWIR
range, but not enough for the MWIR range. Therefore, an IR aspherical lens made of 1G6
(Ass0Ses0) has a high NA=1.0 and a flat transmission spectrum up to ~ 10 um (Figure
3-3(b) [65]). An additional advantage of this lens is that the visible light is blocked due
to the short-wavelength cutoff at 900 nm; thus, a long-pass filter is no longer required to
filter the scattered light from the incident laser. Second, the gratings also have different
working ranges, as shown in Figure 3-3(c). The grating with a shorter working
wavelength has a higher spectral resolution due to the larger groove density. For the
spectrum with the maximum wavelength shorter (or longer) than 2.6 pm, an InGaAs (or
InSb) detector is used with Grating #2 (or Grating #3).

Figure 3-4(a) shows the pictures of a part of PL measurement setup with its sample
stage and a 10 K fridge. For room-temperature PL measurement, samples were fixed on

a stage, which can switch the different samples by simply moving the stage position

(Figure 3-4(b)). The optical path was first set up using a bulk Ge (wafer) sample as a
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Figure 3-4 (a) Picture of PL measurement setup with (b) its samI;le stage and (c) 10
K fridge.
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reference. Then, the optical path was optimized to maximize the signal intensity by tuning
the positions of the laser focal lens and Lens #1. For low-temperature PL measurements,
the sample is placed in the 10 K cryostat (Figure 3-4(c), base temperature ~16 K) and the

measurement steps are the same as room-temperature steps.

3.3 Room-Temperature PL Spectra of Epitaxial GeSn Films

3.3.1 PL of Compressive-Strained GeSn on a Ge VS

The room-temperature (RT) PL of compressive-strained GeSn on a Ge VS is shown
in Figure 3-5. The epitaxial structure is shown in Figure 3-5(a), where all epitaxial layers
were undoped (background doping is lightly p-type). As a baseline, the RT-PL spectrum
of the epitaxial Ge buffer (VS) was also measured (black curve in Figure 3-5(b)). The
emission peak of the Ge VS is at 0.79 eV, corresponding to the direct bandgap in Ge. The
indirect-bandgap emission is at ~ 0.68 eV. Similar spectra were also reported by other
groups [62][66]. The light emission by the electron-hole recombination from the direct
valley for indirect-bandgap Ge is dominant at room temperature. Similar to the Ge VS

case, for the PL spectra of GeSn at room temperature, the energy of the emission peak is
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Figure 3-5 (a) Epitaxial structure for the PL measurement of compressive-strained

GeSn on Ge VS. (b) Room-temperature PL spectra of compressive-strained GeSn on Ge

VS.
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also considered the direct bandgap energy of GeSn because the smaller energy difference
between direct and indirect valleys in GeSn would make direct emission much more
efficient than pure Ge. The RT-PL spectra of GeSn with Sn fractions of 4, 8, 12, and 16%
are shown in Figure 3-5(b), where the spectrum of strained Geo.saSno.16¢ was measured by
the InSb detector while the others were characterized by the InGaAs detector. The direct
bandgap energy of GeSn decreases with the Sn fraction. In strained Geo.9sSno.o4, the
indirect-bandgap emission is observable at the left shoulder of the peak (~ 2 um), and
cannot be distinguished in the spectra with Sn fractions high than 8 % due to a very small
reduced energy difference or the crossover of indirect-to-direct bandgap. For strained
GeSn with a higher Sn fraction (e.g. Geo.s2Sno.18) on a Ge VS, no emission peak was
observed. This might be due to the extremely thin GeSn layer (~ 10 nm), leading to strong

surface recombination over the radiative recombination.

3.3.2 PL Spectra of Compressive-Strained GeSn on GeSn Relaxed
Buffers

The room-temperature PL spectra of compressive-strained GeSn on GeSn relaxed
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Figure 3-6 (a) Epitaxial structure and (b) Room-temperature PL spectra of

compressive-strained GeSn (> 20%) on a GeSn relaxed buffer.
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buffer are shown in Figure 3-6. The high-Sn fraction layers are thin (~ 20 nm), while the
underneath GeSn relaxed buffers are thick, leading to a high radiative efficiency (Figure
3-6(a)). The luminescence from the GeSn buffer is clearly observed and stronger than the
GeSn layer with a higher Sn fraction (Figure 3-6(b)). The GeogsSno.14 relaxed buffers
show clear emission peaks at ~ 2.9 um for three structures with active strained-GeSn
layers with different Sn fractions (black, blue, and green curves), while the Geo.g3Sno.17
relaxed buffer shows a discontinuous luminescence profile with a dip at ~ 3.1 um due to
the IR absorption of H>O, which will be further discussed in Section 3.6. Following the
results in the last section, the peaks of the GeSn layer with a high-Sn fraction (> 20%) are
contributed by the emission of the direct bandgap. The bandgap energy of GeSn (20 ~ 24
%) decreases with the Sn fraction. The smallest bandgap of 0.295 eV (wavelength ~ 4.2
um) is demonstrated with the corresponding Sn fraction of 24 %. This is the longest
wavelength from PL measurements reported for all group-IV materials. A strong and
narrow dip at 4.3 um is observed for all spectra of GeSn with high-Sn fractions, which

results from the IR absorption of CO2, which will be also discussed in Section 3.6.
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Figure 3-7 (a) Geo.92Sno.08 RT-PL spectra of strain-relaxed, compressive-strained, and

QW structures. (b) Peak energy of RT-PL spectra of strained GeSn versus Sn fraction.
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3.3.3 PL Spectra of Strain-Relaxed GeSn Layers and GeSn Quantum

Wells

By applying stresses on GeSn epitaxial layers or sandwiching the GeSn layer to form
a quantum well, the peak position of PL spectra can be shifted. For example, in Figure
3-7(a), the direct bandgap energy of strained Geo.92Snoos on a Ge VS is 0.58 eV (red
curve). The strain relaxation reduces the bandgap of the compressive-strained GeSn
(green curve). In contrast, the emission peak is shifted to higher energy in the Geo.92Sno.0s
quantum well (QW), whose structure is shown in the inset. The quantum levels in the
conduction and valence bands enlarge the effective bandgap while the emission from the
Ge barriers is also observed at ~ 1.6 um. The RT emission peaks are plotted against the
Sn fraction in Figure 3-7(b). The data points of compressive-strained GeixSn layers on a
Ge VS (red stars) and on the GeSn relaxed buffer (blue stars) are labeled. The fitting line
is consistent with the results in the literature [62][64][66][67]. However, the prior high-
Sn PL data (triangle scatters) is slightly deviated from our fitting line, mainly due to the

different strain conditions of the GeSn films by different relaxed GeSn relaxed buffers.

3.4 Low-Temperature PL Spectra of GeSn

By varying the temperature, a lot of information from PL measurements will be
given, such as, band structures, radiative efficiency, and even defect luminescence
[68][69]. The direct-bandgap emission dominates the room-temperature luminescence
even in indirect-bandgap GeSn since the thermal energy results in the finite electrons in
the direct valley, leading to efficient emission. At low temperatures, the number of
electrons in the direct valley at a higher energy is reduced, so the direct emission is
effective suppressed and the indirect-bandgap luminescence is able to observe. The

transition between the direct and indirect luminescence can be observed in low-
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Figure 3-8 PL spectra of compressive-strained (a) Geo.96Sno.04 and (b) Geo.92Sng.o8 on
Ge VS at low temperatures. (¢) Normalized LT-PL spectra of compressive GeSn with Sn
fractions of 4 %, 8 %, and 12 %.

temperature PL in the indirect GeSn [62] and the indirect GalnP layers [63]. In this work,
the low-temperature GeSn PL was measured from 16 K ~ 300 K. The same evolution of
the direct and indirect luminescence was also observed in our compressive-strained GeSn
on Ge VS. More low-temperature PL results on GeSn of different strain condition and

high-Sn GeSn ([Sn]=24%) are presented to further investigate the luminescence in GeSn.

3.4.1 PL Spectra of Compressive-Strained GeSn on Ge VS at Low

Temperatures

The PL spectra of compressive-strained GeoosSnoos and Geo92Snoos at low
temperatures (LT) are shown in Figure 3-8(a) and (b), respectively. At 300 K, the PL
spectra were dominated by direct-bandgap (I') emission. For both strained Geo.96Sno.04
and Geo.92Sno.08 PL spectra, as the temperature decreases, another emission peaks appear
at the lower energy and becomes dominant at 16 K. Those lower-energy peaks are

attributed to the indirect-bandgap (L) emission. Although the two separated peaks from L
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and I" emission are not clearly distinguished, the broad plateaus at 200 K in Figure 3-8(a)
and at 100 K in Figure 3-8(b) clearly indicate the contributions from both types of
emission. Both peaks are blue-shifted with a decreasing temperature due to the bandgap
broadening. The normalized LT-PL spectra are shown in Figure 3-8(c) with compressive-
strained GeSn with three Sn fractions of 4 %, 8 %, and 12 %. For the PL spectra of strained
Geo.83Sno.12, no plateau is observed, which suggests the energy difference between the I'
and L valleys is too smaller to be distinguished in the PL. measurements. Furthermore, the
plateau width is smaller with the higher Sn fraction, which supports the argument that the
energy difference of two valleys decreases with the Sn fraction.

The transition of emission from the L valley to I' valley is clearly observed in the
LT-PL of the strained Geo.92Snoos QW structure (Figure 3-9(a)), where the effective

bandgap of direct I'-valley at RT is enlarged by the quantum confinement effect (Figure
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Figure 3-9 (a,b) Stacked LT-PL spectra of a strained Geo.92Sno.0s QW and (c) extracted

peak intensity versus temperature. (d) Schematic of electron distribution at 300 K and 16

K. (e) Lifetime of Auger and radiative versus temperature [71].
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3-7(a)). The two peaks are clearly distinguished at 150 K (green curve). As the
temperature is reduced, the emission intensity from direct I'-valley becomes weaker while
the indirect-emission becomes stronger. The peak intensity of I'- and L-emission is
extracted and plotted versus temperature in Figure 3-9(c). For the decreasing intensity of
I'- emission with lowering temperatures, the reason is that the electrons number in the I'
valley is reduced at lower temperatures in indirect-bandgap GeSn (Figure 3-9(d)).

On the other hand, for the emission peak of the L valley, the intensity monotonically
increases from 150 K to 16 K. The increasing intensity can be explained by a higher
radiative efficiency at low temperatures. The radiation efficiency 7, also named as
internal quantum efficiency (IQE) in optoelectronic devices, is the probability of a photon
emitted in the radiative recombination, which is given by:

1/Traa _ 1/Traa
1/Tt0tal 1/Trad + 1/TAuger + 1/"'-SRH

Eq. 3-1

=
Il

where 1/7,44 is the radiative recombination rate, and the non-radiative recombination
rate is the sum of the Auger recombination rate (1/74yg4¢r) and SRH recombination rate
(1/7sgy)- At room temperature, the carrier lifetime (7;4¢4;) 1S dominated by Auger or SRH
recombination in Ge, depending on the excess carrier concentration [70]. Thus, the
radiation efficiency is rather low at room temperature. Compared to the radiative
recombination, the SRH and Auger recombination rate are highly temperature-dependent
and suppressed at low temperatures, as shown in Figure 3-9(e) [71]. In our indirect-
bandgap strained Geo92Sno.0s sample, since the number of the L electrons is almost
constant at these temperatures, the intensity enhancement is attributed to the higher
radiative efficiency due to the suppressed non-radiative recombination at low
temperatures. Based on the radiative efficiency in Eq. 3-1, the intensity of the band-to-
band emission should increase at low temperatures in a pure direct or a pure indirect

semiconductor (constant carrier density in the same valley), such as GaAs and Si [72][73].
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As aresult, the decreasing I" emission and increasing L emission at a reduced temperature
suggests the GeSn layer is indirect-bandgap.

The comparison of PL spectra between the bulk Geo.92Sno.0s and Geo.92Sng.0s8 QW is
shown in Figure 3-10(a). The peaks from the I' emission are clearly shifted by QW
structure, while the shifting of L emission peak is less pronounced. The blue-shifted peak
is owing to the stronger quantum confinement for the I' valley, and the energy of the
quantum level is larger (Er ;=1 > E| ,=1). The energies of I" and L emissions are extracted
and plotted in Figure 3-10(b). For compressive-strained bulk Geo.92Sno.og (solid curves),
the energy difference is ~ 25 meV at 100 ~ 200 K, which is close to the reported value of
32 meV in Geo.94Sno.06 [62]. For the Geo.92Sno.os QW (dash curves), the energy difference
is larger (~ 45 meV), which is attributed to the stronger quantum confinement of the I
valley (AE;=27.7 meV) than that of the L valley (4E,=5.7 meV) due to the smaller
effective mass and the larger conduction band offset for the I" valley (Figure 3-10(c)). The
band offsets were calculated by the fitting parameters in the reference [19]. Based on the
larger band offset (81 meV) and smaller effective mass (0.03 mo) of the I" valley, the first

quantum level (Ef =) 1s 23 meV, much larger than that of the L valley (E ,=1=3 meV).
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Figure 3-10  (a) Normalized PL spectra of the compressive-strained bulk Geo.92Sno .08

and QW structures at low temperatures with (b) the extracted peak emission energy versus

temperature. (c) Simulated band diagram of 15-nm Geo.92Sno.0s QW.
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Figure 3-11  LT-PL spectra of strain-relaxed (a) Geo.92Sno.0g and (b) Geo.gsSno.12.
3.4.2 LT-PL of Strain-Relaxed GeSn

The LT-PL spectra of strain-relaxed Geo.92Sno.os and Geo.ssSno.12 are shown in Figure
3-11(a) and (b), respectively. The cross-over transition from the I'-emission to L-emission
is no longer observed. There is only one peak whose intensity increases monotonically
from 300 K to 15 K, which suggests the I'-emission dominates. The only peak suggests
that I'-valley and L-valley are too close to be distinguished, so the strained-relaxed
Geo.92Sno08 1s considered at the crossover of indirect-to-direct bandgap transition. For
Geo.88Sno.12, a similar trend is observed, so it is considered a direct bandgap material due

to its higher Sn fraction, which is consistent with simulation results in prior works [2][19].

3.4.3 LT-PL of Tensile-Strained Ge and GeSn

The tensile-strained Ge and tensile-strained Geo92Snoos on relaxed Geo.ssSno.12
buffers are also characterized by PL measurements at low temperatures. The LT-PL
spectra of the 30-nm tensile-strained Ge layer on a relaxed Geo.ssSno.12 buffer are shown
in Figure 3-12(a). At 300 K, a single peak is observed, but not able to be identified as the

emission from the tensile-strained Ge layer or the buffer layer. In fact, in Figure 3-12(b),
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Figure 3-12  (a) LT-PL spectra of tensile-strained Ge on a relaxed Geo.ssSno.12 buffer.
PL spectra of relaxed Geo.gsSno.12, tensile Geo.92Sno.0s, and tensile Ge layers (b) at room

temperature and (c) at 16 K.

the room-temperature PL spectra of relaxed Geo.gsSno.12, tensile Geo.92Sno.08, and tensile
Ge grown on the same relaxed buffer, exhibit the same peak position at 2.9 um (0.435
eV), which is attributed to the underlying Geo.ssSno.i2 relaxed buffer. As the temperature
decreases, the emission peak is blue-shifted and the intensity becomes weaker. On the
other hand, another emission peak at a smaller energy (0.325 eV) appears below 150 K
and becomes stronger with decreasing temperatures (Figure 3-12(a)). This smaller-energy
peak might be attributed to the defects such as threading dislocation in the epi-layers [69].
The same peak is also shown in the LT-PL spectra of relaxed Geo.ssSno.12 at 16 K, as
shown in Figure 3-11(b), where its intensity is much weaker than the radiative emission
of relaxed GeSn.

PL spectra of three different epitaxial layers at 16 K are shown in Figure 3-12(c).
The peak intensities of relaxed Geo.gsSno.12 and tensile Geo.92Sno.0s are enhanced from 300
K to 16 K by 10 times and 5 times, respectively, while only the intensity of the tensile Ge
sample is reduced by 33 % with a blue-shifted emission peak. This further suggests the
tensile-strained Ge epitaxial layer (+1.7%) is still an indirect bandgap material while two

GeSn films show direct-bandgap characteristics following the argument in the previous
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section. Prior work suggested that the tensile Ge layer becomes direct-bandgap under a
biaxial tensile strain of ~ 2% [74]. All three structures have the same Geo gsSno.12 relaxed
buffer layer, but their emission peaks are at different positions at 16 K, which can be used
to identify as the emission from the active layers. All emission peaks show blue-shift
characteristics and the tensile Ge show the largest bandgap energy. However, the
temperature dependence of the PL spectra (Figure 3-12(a)) is quite complex due to the
mixing of emission from the active layer and the relaxed GeSn buffer. Thus, it is not an
easy task to distinguish those emissions and further work is required.

Figure 3-13 explains why the PL spectrum of the tensile-strained Ge(Sn) epitaxial
film is less pronounced than that of the compressive-strained GeSn film. The 532-nm
green light has a very short absorption length of ~ 17 nm in Ge [75] and could be further
shorter in GeSn alloys due to their smaller bandgap energies. Although the excitation light
is absorbed mainly in the top GeSn layer, the excited carriers will diffuse to the relaxed
buffer [76] (Figure 3-13(a)). The length scale of carrier diffusion is several micrometers
in Ge, much larger than the light absorption length. For compressive-strained GeSn

structure (Figure 3-13(b)), the Sn fraction of strained GeixSnx is higher than that of
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Figure 3-13  (a) Schematic of optical pumping and diffusion of excited carriers in a
strained Gei«Snx/Gei.ySny heterostructure with the associated band diagrams for (b)

compressive-strained GeixSnx and (c) tensile-strained Ge (x = 0) active layers.
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relaxed Gei-.ySny buffer (x > y), there exist barrier heights for electrons and holes in the
compressive-strained GeSn layer [19], reducing diffused carriers into the relaxed buffer.
This becomes more effective at lower temperatures. What‘s more, the emitted photons
from the relaxed buffer with a larger energy bandgap will be re-absorbed by the top
strained GeSn layer. Therefore, the emission from the relaxed buffer is less observed in
the PL spectrum. However, for the tensile-strained Ge(Sn) structure (Figure 3-13(c)), the
carrier diffusion wouldn’t be suppressed due to the smaller or opposite band offset. The
emitted photons from the relaxed buffer can go through the top layer without re-
absorption. As a result, the PL spectrum of tensile-strained Ge(Sn) suffers more signal

mixing from relaxed GeSn buffer (Figure 3-12).

3.44 LT-PL of GeSn ([Sn] ~ 24 %) on GeSn Relaxed Buffers

Last, the RT-PL and LT-PL spectra of the compressive-strained Geo.76Sno.24 epitaxial
layers on a Geo.g3Sno.17 relaxed buffer are shown in Figure 3-14. In Figure 3-14(a), the
RT-PL spectrum shows the individual emission peaks for the strained layer and relaxed
buffer (pink and black dashed squares, respectively). Note there exist two IR absorption

dips at 4.3 and 3.1 pm by CO2 and H2O, respectively. The contributions of the Geo.s35no.17
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Figure 3-14  PL spectra at (a) room temperature and (b) lower temperatures of a

compressive-strained Geo76Sno24 film on a Geo.s3Sno.17 relaxed buffer.
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relaxed buffer is confirmed by another epitaxial structure with only the Geog3Sno.17
relaxed buffer, as shown in the inset. Due to the thin top layer of 20 nm, the PL intensity
of the strained Geo.76Sno.24 layer is slightly smaller than that of the relaxed buffer. PL
spectra at lower temperatures are shown in Figure 3-14(b). As the temperature is reduced,
the emission intensity from Geo.76Sno 24 increases rapidly, while the emission from the
relaxed buffer is suppressed by the limited carrier diffusion due to the presence of barrier
heights between those two layers. At 16 K, the peak intensity of Geo.76Sno.24 is enhanced
by a factor of 33 with the peak position blue-shifted to 0.33 eV (3.66 um). At room
temperature, due to serious IR absorption, it is difficult to precisely identify the emission

peak, while low-temperature PL data offer unambiguous emission peaks.

3.5 IR Absorption Effects on GeSn PL Spectra

3.5.1 IR Absorption in the Lab Environment

Since our PL measurement system is placed in the atmospheric environment, the IR
absorption by the molecules in the air is inevitable and results in signal dips at certain
positions. For example, two close absorption dips at 2.6 pm and 2.7 pm are observed in

Figure 3-12(b) due to the CO, absorption. Two more absorption drops at 3.1 pum and 4.3

CO,,, Absorption Spectrum

(a1)os H,O, Absorption Spectrum (b)
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Figure 3-15  Absorption spectra of (a) liquid water [77] and (b) gaseous CO» [78].
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um are observed in Figure 3-14 (a), while correspond to H>O and CO> absorption,
respectively. The absorption at 3.1 um results from the water vapors in the air, which can
be identified in the absorption spectrum of the water in Figure 3-15(a) [77]. The other
three dips (at 2.6 um, 2.7 um, and 4.3 um) are due to CO, absorption, whose absorption
spectrum is shown in Figure 3-15(b) [78]. The absorption at 4.3 um is very strong and

leads to a deep dip in the PL spectra of GeSn with a very high Sn fraction (~ 24 %).

3.5.2 Calibration of PL Spectra

In order to characterize the absorption in our PL system, the black body radiation
spectrum by our system is shown in Figure 3-16. The radiation source is the head of a
soldering gun at temperatures of 200 °C ~ 350 °C (Figure 3-16(a)). There exists a cutoff
at 5.5 um corresponding to the cutoff wavelength of the InSb photodetector. The
normalized spectra are shown in Figure 3-16(b) and three absorption dips are clearly

observed. For absorption #2 and #3, the bandwidths of the dips are wider than absorption

#1.
The calibrated absorption spectrum is extracted in the 350-°C spectrum (red curve)
(a) Wavelength (um) (b) Wavelength (um)
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T ' ™ Monochromator or - Aborption #1 ' ' ]
W 350°C : : -
_ =1
. c
=N Q
) \ =
> - o |
D X' \osooc N
) Black Body Radiation Source ﬁ
£ |
- )
Z -
02 0 .5 06 02 03 _ 04 05 06

3 0.4
Energy (eV Energy (eV)
Figure 3-16  (a) Measured spectra and (b) normalized spectra of black body radiation

in the PL system with the source temperature 200 °C ~ 350 °C.
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Figure 3-17  Extracted PL spectrum at 350 °C.

by giving the smooth envelop fitting line (dash curve) in Figure 3-17. Since the profile is
also distorted by the response spectra of all components (lens, grating, and detector), it is
hard to fit the curve by the black body radiation formula. The absorption spectrum is
plotted by the absorbance versus wavelength, which represents how much intensity would
be absorbed along the optical path. Therefore, the GeSn PL spectra can be approximately
calibrated by the absorbance spectrum.

The calibrated PL spectra of strained Geo.76Sno .24 by excluding the IR absorption are

(a) b% Wavelength (um
555 45 Vyavﬂengtg‘ (“m)2_5 ( 504520 309 3(# ) 25
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Figure 3-18  (a) RT-PL and (b) LT-PL spectra of strained Geo.76Sno.24 on GeSn relaxed
buffers by the calibrated IR absorption.
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shown in Figure 3-18. The two emission peaks (envelopes) at room temperature are much
clearer after the IR calibration (Figure 3-18 (a)). Besides, in the calibrated LT-PL spectra
(Figure 3-18 (b)), the evolution of the emission peak from the relaxed buffer is much
clearer, and the buffer emission is weaker below 100 K. There is still some uncertainties
for the calibration steps at the 4.3-um absorption since the concentrations of CO> and H,O
in the air are not constant, leading to deviations for different measurements. Therefore, a

more precise method is still required to construct a better PL profile.
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Chapter 4 Room-Temperature Characteristics of

GeSn Esaki Tunnel Diodes

4.1 Motivation

Moore’s law has been driven the scaling of Si complementary metal—oxide—
semiconductor (CMOS) transistors for several decades. However, the threshold voltage
of logic transistors cannot be scaled down further due to the limited subthreshold swing
(SS) of 60 mV/decade at room temperature. Novel devices with different operational
principles for a sharper SS than the limit of 60 mV/decade by Boltzmann distribution
have been extensively investigated, such as impact ionization MOS (I-MOS) transistors
[79], negative-capacitance field-effect transistors (NC-FETs) [80], or tunnel field-effect
transistors (TFETs) [81]. Although a sub-60 subthreshold swing has been demonstrated
in those devices, some drawbacks need to be overcome for practical applications. For
example, the required high gate biases for I-MOS transistors or the hysteresis for NC-
FETs are critical issues for reliable integrated circuits. While for TFETs, whose device
structures are similar to conventional CMOS transistors, the major issue is the low drive
current. A steep SS is achieved by band-to-band tunneling (BTBT) processes between the
source and channel regions. Meanwhile, the drive current is limited by the probabilistic
tunneling process, which has hampered the TFET applications. Even though TFETs are
not competitive with CMOS transistors for logical applications, they are quite suitable for
low-power applications, such as the internet-of-things (IoT) [82]. Rather than a high on-
state current, a very low static power realized by steep SS is required for these low-power
applications. However, in order to obtain a reasonable drive current, increasing the
tunneling rate and tunneling current is still the major concern for TFETs. For group-1V

materials such as silicon (Si) or germanium (Ge), the BTBT current is low due to their
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large bandgap, effective masses of carriers, and the requirement of phonon participation
for the indirect-bandgap characteristics [83][84]. Based on the discussion in previous
chapters, GeSn is a good candidate for solving those problems due to its direct-bandgap
characteristics and the compatibility with Si-based VLSI technology.

To justify the BTBT process and calibrate the tunneling rates, Esaki diodes with
negative differential resistance (NDR) are used to characterize the peak current density.
Thus far, there is no NDR demonstrated in any GeSn-based Esaki diodes at room
temperature. Only Schulte-Braucks et al. observed the NDR at a low temperature below
150 K in a GeSn p-i-n structure [85]. The tunneling current was fairly low (< 0.3 A/cm?),
and there is no systematic study on tunneling current in GeSn. In this chapter, high-
performance GeSn Esaki diodes with clear NDR and extremely high peak current
densities at room temperature are demonstrated. GeSn Esaki tunnel diodes are
systematically studied with various material parameters, such as doping levels, Sn
fraction, and strain conditions. In the next chapter, temperature-dependent -V
characteristics and phonon spectra at cryogenic temperature are performed to further

investigate the direct-bandgap tunneling in GeSn Esaki diodes.

4.2 Introduction to Esaki Diodes (TDs)

4.2.1 Band-to-Band Tunneling (BTBT) and Negative Differential

Resistance (NDR)

A tunnel diode with NDR was demonstrated by L. Esaki in 1958 for the first time
and has been called the Esaki diode [86]. An anomalous I-V characteristic in the forward
bias, that is, a negative-differential-resistance region, was observed in a germanium Esaki

diode, which earned him the Nobel Prize in Physics in 1973.
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An Esaki tunnel diode consists of a simple p-n junction in which both p-type and n-
type regions are both degenerately doped. Since there are some other types of tunnel
diodes, such as resonant tunnel diodes (RTD) [87] and resonant interband tunnel diodes
(RITD) [88], we use “Esaki” tunnel diode to represent the simple p-n junction structure
without any addition quantum wells with aligned quantum levels. Figure 4-1 shows the
band diagram of an Esaki tunnel diode under a small forward bias. Due to the degenerate
doping, the quasi-Fermi levels in both p" and n" region, Er, and Ef,, penetrate into the
valence band and conduction band, respectively. The amount of doping degeneracy noted
as V, and Vj, is dependent on doping concentration, material, and even temperature.
The minimum doping concentrations of degenerate-doped semiconductors is

approximately the effective density of states at room temperature, e.g., 5.0x10'® ¢m™

(valence band) and 1.0x10'" ¢m™ (conduction band) at 300 K for Ge. The electric field,

Flieia in the depletion region is fairly large (usually > 1 MV/cm), resulting in a short
tunneling distance of ~ 10 nm. As long as a small voltage bias is applied, the electrons
can tunnel through the depletion region from the n" region conduction band to the p*

region valence band, and vice versa.

i depletion :

Ec,p : P . !

region !

Ev’p :
Eg,

Figure 4-1 A band diagram of an Esaki tunnel diode under a small forward bias.
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Figure 4-2  Band diagrams (top) and I-V curves (bottom) of an Esaki tunnel diode at

different biases.

Operations and I-V characteristics of an Esaki tunnel diode are illustrated in Figure
4-2, respectively. First of all, under a reverse bias, the current is contributed by the BTBT
process from the valence band in the p* region to the conduction band in the n* region,
which is known as Zener tunneling. Increasing the reverse bias enhances both the electric
field in the depletion region and the overlap of the available states for tunneling, the Zener
tunneling current increases monotonically with the reverse-bias voltage. Under a small
forward bias (Figure 4-2(b)), the BTBT current flows from the conduction band of the n*
region to the valence band of the p* region and increases with the bias due to the larger
overlap of the available states. As the available states at both n- and p-regions are aligned,
the tunneling current will reach a local maximum (Jpear). A further larger forward-bias
voltage will reduce the overlapped states, so the BTBT current decreases with a larger
forward-bias voltage (Figure 4-2(c)). A negative dI/dV region in the I-V curve is observed
and called the NDR region. At a larger voltage, the conduction band edge of the n* region
is over the valence band edge of the p* region (i.e. E..,» > E,, ), the BTBT is forbidden due
to the band misalignment (Figure 4-2(d)). The diode current will reach a local minimum,

which is called the valley current (Jyaiey). The non-zero valley current is attributed to
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defect-assisted tunneling (DAT), where electrons tunnel via the defect states within the
bandgap across the p-n junction. At last, in Figure 4-2(e), as the forward bias is large
enough, the diffusion current will dominate and the device works as a normal p-n junction
diode.

The existence of NDR in Esaki diodes is the evidence of the band-to-band tunneling.
A peak-to-valley current ratio (PVCR), defined as the ratio of peak current over valley
current (Jpeak /Jvaiiey) 1 used to evaluate the quality of the tunnel junction/processes. If the
PVCR is rather small (or disappears without NDR), the peak current (density) might

consist of a large amount of DAT current, leading to an overestimation of BTBT rates.

4.2.2 Band-to-Band Tunneling Rate and Tunneling Current

The band-to-band tunneling rate and the tunneling current (density) are crucial for a
tunnel device. The BTBT current in an Esaki diode is calculated based on Kane’s model
[90][91]. The tunneling probability 7; is given by the WKB (Wentzel-Kramers-Brillouin)
approximation:

Xn
T; = exp [—ZJ Ik(x)ldx] Eq. 4-1
X

p

where |k(x)| is the absolute value of the electron wavevector in the tunneling barrier,
and x, and x, are the two terminal positions of the tunneling process, which are at the
valence band edge and conduction band edge in the p* and n* regions, respectively.
Assume the piecewise band diagram and the triangular tunneling barrier, as shown in

Figure 4-2(b). The tunneling probability is [91]
g
T, exp| ————— Eq. 4-2

where E; is the bandgap energy, Frieq 18 the electric field of the triangular barrier,
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which can be referred to as the average electric field of a p-n junction:

q(Wpi — VIN4Np q
Friolg = = |=—@p; — V,)N* Eq. 4-3
field \/ 2e,(N,+Np) 2¢, (Ypi p) q

where ,,; is the built-in potential and V is the applied voltage to the junction. N* =
NyNp /(N4 + Np) is the effective doping concentration of an Esaki diode. Ny, and Np
are the doping concentrations of the p-type and n-type layers, respectively. Note that the
tunneling probability in Eq. 4-3 does not include the momentum perpendicular to the
tunneling direction, k. There is an additional reduction in tunneling probability by the

energy E, associated with perpendicular momentum:

3
A 4v2m*E} exp <_ Elm/Zm*Eg) Bq. 44
‘ 3qhFsieiq qhFriera '

Next, the expression of the BTBT current is derived by assuming direct tunneling
without perpendicular momentum. At thermal equilibrium, there are two components of
the tunneling current: from the occupied conduction band to the empty valance band
I,y and from the occupied valance band to the empty conduction band Ij,_,.:

Icy = Cy [ Fe(E)Nc(EDT,[1 — Fy(E)INy (E)dE Eq. 4-5
e = Gy | (BN, (BITL[1 = Fe(E)ING(E)dE Eq.4-6

where C; is a constant, F.(E) and F,(E) are the Fermi-Dirac distribution functions.
N:(E) and Ny (E) are the density of states of the conduction band and valence band,
respectively. The tunneling probability T; is assumed to be equal for both directions. At
zero bias, these two tunneling current components are balanced, and the net tunneling

current [, is zero. As the diode is forward-biased, the net tunneling current I; is given

by
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Ev,p

Ev,n

Thus, the tunneling current in an Esaki diode can be calculated as [91]

3
2 * E
q°Efiera |2m” W2Im'E;
- f D-exp| ——2 Eq. 4-8
]t 367Th2 Eg exp 3thfield d

with the integral D defined as

D= ] PR - Fy (E)] [1 — exp (— %)] dE Eq. 4-9

EC,Tl

V2qhEfie1a

m/m*Eg

where E is the smaller energy difference compared to E,, and E.,. At zero bias,

E= Eq. 4-10

Fc(E) and F,(E) areequal, so the integral D is zero. At Vvaiey =V, + Vy, E,, and E.p
are aligned, and the tunneling window (E,,,,—E ) is closed. The integral D is zero again
due to no integral interval. Typically, the peak voltage Vpear is roughly (V, + V;))/3 by
calculation and in the experimental results [92].

To enhance the tunneling current, a larger electric field or a smaller bandgap energy
is preferred. Moreover, the higher doping concentration with larger degeneracy (¥, and
1)) can increase the tunneling window, which is relative to the integral interval of the

integral D, and further increase the tunneling current.

4.2.3 Defect-Assisted Tunneling (DAT)

Ideally, the BTBT drops to zero as the available states are fully misaligned, and only
very little thermal diffusion current at the valley voltage. However, in practice, the valley
current is considerably in excess of the diffusion current of a p-n diode and sometimes
comparable to the peak current [93]. For example, in Figure 4-3(a), the J-V characteristic
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of an epitaxial Ge Esaki diode shows a certain region (gray) that does not belong to the
BTBT or diffusion current. This excess current is mainly contributed by the electron
tunneling via the defect states within the bandgap [93], commonly called defect-assisted
tunneling (DAT) current. In Figure 4-3(b), a tunneling junction with defects states in the
bandgap is illustrated to show the possible paths of DAT. Under a relatively large bias to
misalign the available states across the pn junction, the BTBT is forbidden, while the
diffusion barrier is still too high to generate sufficient diffusion current. With the presence
of defects states, the electron in the n” region can move to the valence band of the p*
region through the several steps of tunneling and recombination. A defect state can be a
single state D, (Dy) or a series of states within the bandgap in the depletion region. For
simplicity, assuming that the limiting step is the tunneling process rather than the
recombination process, the DAT current is given by [91]
Jx = CoD, exp{—Cs[E; + q(V + V) — qV]} Eq. 4-11

where C, and C; are constants,and D, is the density of the available defect states; that
1s, empty states of D, or occupied stated of D,. The DAT current increase exponentially

with the applied voltage V, and thus Eq. 4-11 can be simplified as

Jx = Jvattey exp[Cy(V — Vvalley)] Eq. 4-12
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Figure 4-3 (a) A diagram showing major current components in a Ge Esaki diode. (b)
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The valley current is dominated by the density of defect states, which depends on the
preparation method of the tunnel diode, such as dopant diffusion, solution regrowth, CVD,
or MBE. For a fixed peak current, the PVCR can be improved by suppressing the defect
density. Besides, the DAT current can also be suppressed at low temperatures. In addition
to the temperature dependence of the bandgap energy, the pre-factor C,D, is strongly

temperature dependent due to the recombination process [92].

4.2.4 Direct and Indirect Tunneling in GeSn Esaki Diodes

The expression of BTBT current in Eq. 4-8 is derived based on the assumption of
direct tunneling without the change of momentum; that is, the wave vectors of the initial

state and the final state are identical. In semiconductors, the valley of the valence band is

located at I" (E = 0), and the direct tunneling occurs between I" valleys of the conduction
band and the valence band, while the indirect tunneling occurs as the valley of the
conduction band is located at a valley with a non-zero momentum, such as <100> X-

direction in Si or <111> L-direction in Ge. Indirect tunneling requires the participation of

phonons for the momentum reservation in k-space, which is called phonon-assisted

E E
4

Electron populationin n* GeSn

Eg(®) 1B gu(p)
nr(E) ny(E)

fe(E)

n-assisted | — S
aNeling

ki B
A band diagram of a direct-bandgap GeSn Esaki diode, where the energy

Figure 4-4
levels of the direct I'-valley and indirect L-valley are closed. The inset shows the electron

population in two valleys.
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tunneling [94]. Sometimes, the momentum difference during the tunneling process can
also be compensated by impurity scattering, which is called phonon-unassisted indirect
tunneling [94][95]. The indirect tunneling possibility is much lower due to the momentum
difference and required phonon participation. In this work, the BTBT generation rates are
simulated by the TCAD package. In Ge, the direct BTBT generation rate is ~ 100 times
higher than the indirect rate at an electric field of 1 MV/cm [96].

For GeSn Esaki diodes, the energy level of the direct I'-valley is close to the level of
the indirect L-valley (Figure 4-4). Direct- and indirect-tunneling processes both
contribute to the BTBT current. Not only the tunneling rate, but also the electron
population need to be considered for the tunneling current. In the indirect L-valley, due
to the larger effective mass and 4-fold degeneracy, the density of state (DOS) is much
larger than that in the direct valley. For instance, in Ge, the DOS of the L valley is 64
times larger than the DOS of the I valley. On the other hand, the larger effective electron
mass of the indirect L-valley leads to a much smaller tunneling rate. Considering the
requirement of phonon participation, the tunnel current is low in Ge diodes. For GeSn,
since the energy difference between the L- and I'-valley minima is much smaller than that
in Ge, the electron population in I'-valley can be much higher, leading to a higher

contribution to the tunneling current.

4.3  Epitaxial Structures and Material Characterization of

GeSn Esaki Diodes

Figure 4-5 shows the epitaxial structures for GeSn Esaki diodes. A n"-Ge VS was
deposited on a Si substrate, followed by annealing at 800 °C for the required strain
relaxation and the low dislocation density. The epitaxial structures for Ge Esaki diodes

were also grown as a baseline (Figure 4-5(a)) at 350 °C. BoHg and PH3 with high flow
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Figure 4-5 Epitaxial structures of (a) strain-relaxed Ge, (b) compressive-strained
GeSn, (b) strain-relaxed GeSn, and (c) tensile-strained GeSn Esaki diodes.
rates were injected to provide the required degenerate doping concentrations for Esaki
diodes. For the compressive-strained Geo 925Sno.075 diodes, a stack of a p*-GeSn layer and
a n"-GeSn layer was pseudomorphically grown on the Ge VS (Figure 4-5(b)). For the
strained-relaxed Geo.925Sno.075 diodes, a 300-nm GeSn superlattice relaxed buffer was
grown, including a periodic structure of Geo.ssSno.12/Geo.92SN0.08 /Geo.96SNo.04 (Figure
4-5(c)). The strained-relaxed p*/n" Geo.925Snoo7s stack was subsequently grown on the
Geo.92Sno0s relaxed buffer. For the tensile-strained Geo.925Snoo7s diodes, a Geo.gsSno.is
graded relaxed buffer was grown to induce tensile stresses on the top active layers (Figure
4-5(d)). The relaxed buffer is not fully relaxed and equivalent to a fully relaxed
GeosssSno1is buffer by RSM. The tensile-strained p'/n” Geo925Snoo7s stack was
pseudomorphically grown on the buffer without strain relaxation. All GeSn films were
grown at 320 °C.

Cross-section TEM and HR-TEM images of compressive-strained, strain-relaxed,
and tensile-strained Geo.925Sno.075 epitaxial layers are shown in Figure 4-6. For the
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(a) Compressive-strained GeSn (b) Strain-relaxed GeSn (c) Tensile-strained GeSn

Figure 4-6 TEM pictures of (a) compressive-strained, (b) strain-relaxed, and (c)

tensile-strained Geo.9255n0.075 epitaxial structures.

compressive-strained GeSn epitaxial structure, dislocations and defects are confined at
the Si/Ge interface, and the thickness of GeSn active layers is below the critical thickness.
On the other hand, for the strained-relaxed and tensile-strained structures, defects exist at
both the Si/Ge interface and in the bottom of GeSn relaxed buffers owing to a large lattice
mismatch between GeSn and Ge. Very few threading dislocations through the active
layers are observable. Furthermore, the insets show the zoom-in images of the defect-free
crystal within GeSn active layers, which is critical for the device performance of Esaki
diodes.

Sn fractions and strains of the GeSn epi-layers were characterized by XRD and HR-
RSM (Figure 4-7). Figure 4-7 (a) ~ (c) show the (224) RSM contours of compressive-
strained, strain-relaxed and tensile-strained structures, respectively, while Figure 4-7(d)
shows their rocking curves. The Ge-VS’s were slightly tensile strained (¢ = +0.18%) due
to the difference in thermal expansion coefficients between Ge and Si. Thus, the epitaxial
structure of the Ge Esaki diode is slightly tensile strained, so the bandgap energy and
effective mass could be slightly different from those of bulk Ge. For the compressive-
strained GeSn structure, the RSM peaks of the GeSn active layers are clearly observed
and vertically aligned with Ge VS with the strain of —0.89 %. For the strain-relaxed

structure, the peaks of the active layers and relaxed buffer are merged at the same position.
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The extracted residual strain is —0.1 %, which is a small and represents a high relaxation
rate of 92 % in the relaxed Geo.92Sno.0s buffer. This high relaxation rate is attributed to the
presence of the Geo.ssSno.12 layer in the superlattice relaxed buffer. For the Geo.g5Sno. 15
graded relaxed buffers in Figure 4-7(c), the residual strain is —0.54 %, and the relaxation
is 73 %. The peak of the tensile-strained active layer is clearly observed and fully strained
on the relaxed buffer with a strain value of +0.58 %. In Figure 4-7(d), the peaks of all
GeSn active layers were observed in rocking curves. The peak position of the active GeSn
layer is shifted to a higher angle as the strain increases from compressive — relaxed —
tensile with a decreasing out-of-plane lattice constant. The extracted strains of the GeSn

active layers are -0.89 %, -0.1 %, and +0.58 %, with the corresponding Sn fractions of
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Figure 4-7 (224) RSM contour plots of (a) compressive-strained, (b)strain-relaxed,
and (c) tensile-strained GeSn epitaxial structures with (d) the associated XRD (004)

rocking curves and (e) strains in the GeSn active layers extracted by RSM.
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6.7 %, 7.5 %, and 7.1 % for the compressive-strained, strain-relaxed, and tensile-strained
GeSn structures, respectively (Figure 4-7(e)).

In order to characterize the doping levels, secondary ion mass spectrometry (SIMS)
was used to determine the phosphorus and boron concentrations in the GeSn active layers,
as well as the background oxygen and carbon concentrations in the epi-layers. For high
precision and accuracy, the SIMS measurements were performed by EAG Laboratories
with separate Cs” or O»" ion bombardment for the phosphorus and boron profiles,
respectively. Figure 4-8(a) shows SIMS results of the strain-relaxed GeSn Esaki diode.
The GeSn superlattice relaxed buffer is clearly observed with four periods of Geo.gsSno.12.
The PH3 flow rate was constant during the growth of the GeSn relaxed buffer, so the
different phosphorus concentrations in the GeSn superlattice layers are due to their
different incorporation rates (lower in GeSn with a higher Sn fraction). In the active layers,
the Sn fraction in the p” GeSn is 1.5 % smaller than that of n” GeSn. Since the G2Hg and
SnCly flow rates are the same in p* and n” GeSn, the Sn fraction drop results from the
high incorporation of boron atoms. This phenomenon is more serious with a higher BoHg
flow rate and/or in GeSn with a higher Sn fraction, which is observed in the separate
experiments and in prior work [97][98], which is attributed to the more energetically

favorable boron atoms to replace Sn atoms rather than Ge atoms [97]. The zoom-in of the
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Figure 4-8 (a) SIMS profiles of a strained-relaxed Geo.925Sno.075 Esaki diode and (b)
the zoom-in in the active layers (top 50 nm).
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doping profiles in the active layer is shown in Figure 4-8(b). Both doping concentrations
in the n*-region ([P]=4x10'" cm™) and p*-region ([B]=2.1x10'° cm ) are higher than the
degenerate concentrations for GeSn. Due to the low-temperature CVD growth, the turn-
off profiles for both phosphorus and boron atoms are very steep (< 3 nm/decade).
Meanwhile, the high activation rates of dopants (almost 100 %), even at high doping
levels > 10" cm™, were confirmed by Hall measurements [99]. These two features are
important for high-performance Esaki diodes since the tunneling rate depends on the
junction electric field, determined by the activated doping levels and abruptness in the

depletion region.

4.4  Device Fabrication of GeSn Esaki Diodes

Since the current density of the GeSn Esaki diode is high, the series resistance effect
is strong and small devices are required. The process flow of an Esaki diode is shown in
Figure 4-9 (a). After the CVD growth, the wafers were diced into small pieces (1.1 cm X
1.1 cm). The samples were ultrasonically cleaned with solvents, followed by dipping in

diluted HF(1:50) and HCI(1:10) to remove native oxides on the GeSn surfaces [100].
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Figure 4-9 (a) The process flow of an Esaki diode by e-beam lithography and self-

aligned planarization process. (b) A 3D schematic of the Esaki diode device.
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100-nm Ti was deposited by e-beam evaporation for the contact metal and served as a
spacer for the following planarization process. The device sizes were defined by e-beam
lithography with the device areas of 500 x 500 nm? ~ 5x5 pm?. Ti and GeSn layers were
both dry-etched by Clo/BCl; reactive ion etching (RIE) to form the mesas. Since the size
of the top contact (< 5x5 um?) is too small to be probed directly, an insulating layer of
benzocyclobutene (BCB) was used for self-aligned planarization to isolate the p-n
junction. The liquid BCB was spin-coated on the sample surface and cured at 200 °C in
an oven for three hours. The solidified BCB layer (~ 1.2 um) was etched by CF4+/O2 RIE
until the top surface of the mesa was uncovered with the p-n junction covered by BCB.
Since the p"-GeSn layer is thin (~ 25 nm), the presence of the top Ti layer is important to
prevent over-etching. Finally, a photolithographic step and a lift-off process of 10-nm
Cr/100-nm Au were performed for the metallization of the top contact pad. The size of
contact pads is 50 x 50 pm?. At last, the device fabrication was completed by the
deposition of Cr/Au as the bottom contacts. A 3D schematic of the finished device is
shown in Figure 4-9 (b). The devices were characterized by Keysight B1500A on a probe
station at room temperature. The devices were wire-bonded by Ag glue and loaded in a
cryostat system for temperature-dependent measurement from 300 K to 1.5 K.

The cross-section TEM of a 500-nm device (tensile-strained GeSn Esaki diode) is
shown in Figure 4-10(a). The actual mesa width is close to the pattern width of e-beam
lithography. The BCB thickness of this device is smaller than expected, which may be
due to over-etching or the collapse of the soft BCB layer when TEM sample preparation
by focus-ion beam (FIB). The EDS (Energy-dispersive X-ray spectroscopy) scan result
on the yellow dash line (LL’) is shown in Figure 4-10(b). The top metal layers of Ti/Cr/Au
were stacked on the GeSn active layer with the Sn fraction of 6 ~ 10 % by EDS, which is

consistent with XRD and SIMS results.
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Figure 4-10  (a) Cross-section TEM of a device with a mesa area of 500 x 500 nm?
device and (b) EDS line scan of top metal layers on the GeSn Esaki diode.

4.5 Room-Temperature I-V Characteristics of GeSn Esaki
Diodes

451 Effects of Device Sizes and Series Resistance

The J-V curves of a strain-relaxed Geo.925Sn0.075 Esaki diode are shown in Figure
4-11(a) with the device area of 0.5 x 0.5, 10 x 10, and 20 x 20 um?. The two large-area
devices (10 x 10 and 20 x 20 um?) were patterned by photolithography without BCB
planarization. For the small-area device (0.5 x 0.5 um?, red curve), the peak current

density Jpeak is 16 kA/cm? at a peak voltage of 55 mV. While for the large-area devices
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Figure 4-11  (a) J-V curves of a strain-relaxed Geo.925Sn0.075 Esaki diode with different

device sizes. (b) I-V curves with different external series resistances.
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(blue and black curves), the peak voltage is shifted to a higher voltage up to 0.5 V. For
the largest device of 50 x 50 um?, the NDR cannot be observed due to the current limit
of the measurement equipment. The reason for the shift of peak voltages is the series
resistance effect for high-current devices [ 101]. The series resistance may include external
resistance (wire, pad-probe contact) and internal resistance (semiconductor and metal-
semiconductor interface resistance). A test of external series resistance is shown in Figure
4-11(b). The tested device had a peak current of 35 pA at 67 mV, corresponding to an
effective resistance of 2 kQ. When an external 1-kQ resistance is in series to the
measurement circuit (green curve), an observable 40-mV Vpek shift occurred. By
increasing the external resistance to 39 kQ, the Veak was up to 1 V with a large hysteresis
(forward and backward scan) in the NDR region. The presence of hysteresis is because
the voltage shift is proportional to current (AVpeak = Ipeak X Rs and AVyaiiey = Ivatley X Rs,
where Ipeak > Ivaltey), and the final Vpeak (Vpeak = Vpeak, no Rs + AVpeak) 1s larger than Vyaiiey
due to a larger voltage shift of Vyeak. Therefore, the small area devices are required to
show the a more ideal I-V characteristics of the tunneling junction, where the current of

the device is reduced.
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Figure 4-12  (a) I-V curves and (b) a statistical diagram of peak current density of

strain-relaxed Geo.925Sno.075 Esaki diodes with different device sizes.
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Figure 4-12(a) plots the I-V curves of all device sizes with clear NDR. Note that for
devices with higher current (device size > 1 x 1 um?), weird and unstable features
appeared in the NDR region (circled) due to the resonance oscillations of the
measurement circuit in series with Esaki diodes with negative differential resistance [102].
At small current levels (blue and green curves), the curves were smoother since the entire
circuit is more off resonance. The statistics diagram of Jyeax With their standard deviations
are plotted in Figure 4-12(b). The peak current density of different device sizes is in the

range of 14 ~ 18 kA/cm? with an overall average Jpeak of 16.1 + 2.3 kA/cm?.

4.5.2 Doping Effects on BTBT Current

Room-temperature I-V characteristics of compressive-strained Geo.925Sno.075 Esaki
diodes with different doping levels are illustrated in Figure 4-13(a). An effective doping
level of a diode is defined as N* = NyNp /(N4 + Np). The NDR characteristic is
observed for all devices due to the abrupt doping profiles at the p—n junction, high doping
activation rates, and the suppressed DAT. All devices show clear NDR with PVCR’s of
1.8 ~ 5.5, which suggests that the peak current is dominated by the BTBT current. As the

effective doping concentration increases from 1.0x10'? to 3.0x10' cm >, Jyeak increases
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Figure 4-13  (a) I-V curves of compressive-strained Geo.925Sno.075 Esaki diodes with
different effective doping concentrations and (b) corresponding Jpeax versus 1/vVN*.

76

doi:10.6342/NTU202300648



by three orders of magnitude. The logarithmic Jpea is plotted with 1/v/N* in Figure
4-13(b), where V/N* is proportional to the junction electric field Fie1q- A linear fitting
of the peak current densities indicates the BTBT current is well modulated by the electric
field. A larger electric field leads to a shorter tunneling distance and increases tunneling
possibility. Due to the exponential dependence of tunnel current on the electric field, it is

effective to adjust doping concentrations for high BTBT current.

4.5.3 Bandgap Effects on BTBT Current in Ge(Sn) Esaki Diodes

Next, the BTBT current is characterized for Ge and GeSn Esaki diodes to investigate
the bandgap effects with the same (or close enough) effective doping concentration. [-V
characteristics of strain-relaxed Ge and compressive-strained Geo.925Sno.075 with the same
N*=3.0x10" ¢m™ are shown in Figure 4-14 (a). The peak current density of a
compressive GeSn Esaki diode is slightly larger than that of a Ge Esaki diode by 2.4 times.
On the other hand, the Jpeak enhancement from relaxed Ge to relaxed Geo.925Sno.075 is much
larger, as shown in Figure 4-14 (b). Even with a lower N* in strain-relaxed GeSn, its

peak current density is still 12 times larger than that of the Ge Esaki diode. Note that the
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77
doi:10.6342/NTU202300648



high room-temperature PVCR of 15 was demonstrated in the strain-relaxed GeSn diodes,
which is close to the highest PVCR of 16 among group IV Esaki diodes by solution-
regrowth Ge [103]. The enhancement of peak current results from two characteristics of
GeSn. First, the reduced bandgap energy of Geo.925Sno.075 lowers the tunneling barrier and
enlarge the tunneling possibility. Another possible reason is that Geo925Snoo75 may

become direct- bandgap, so the BTBT current is boosted.

454 Strain Effects on BTBT Current in GeSn Esaki Diodes

I-V characteristics of the GeSn Esaki diodes under different strains are shown in
Figure 4-15(a). The effective doping concentrations of those devices were controlled at ~
1.4x10" ecm™ to eliminate the doping effects. It is clear that the strain relaxation and
tensile strains leads to the enhancement of the peak current. A very high peak current
density of 325 kA/cm? with a high PVCR of 8.2 is achieved for the tensile-strained
Geo.925Sn0.075 Esaki diode. This peak current is larger than those of the strain-relaxed and
compressive-strained devices by factors of 20 and 450, respectively. Owing to the series

resistance effects, the peak voltage of the tensile-strained device with a high current
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Figure 4-15 (a) -V curves of Geo925Snoo7s Esaki diodes under different strain

conditions. (b) Jpeak versus biaxial strain for the Geo.925Sno.075 Esaki diodes [104].
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density is large (at 0.1 V) even in a small (200x200 nm?) device. As shown in Figure
4-15(b), as the strain linearly increases, the peak current increases exponentially. For the
tensile-strained GeSn films, the bandgap energy is smaller, and the energy difference
between the minima of I" and L valleys (Egr-Egr) is also smaller. Moreover, several papers
on the simulation of GeSn band structures reported Geo.925Sn0.075 with a strain of +0.58
has already become a direct-bandgap material with the energy difference between indirect
and direct valleys (EgL-Egr) of 30 ~ 70 meV [18][19][105]. Therefore, direct tunneling
could play an important role on BTBT in GeSn Esaki diodes.

Finally, peak current densities of all Ge and GeSn Esaki diodes plotted against

1/+/N* in Figure 4-16. With the same effective doping concentration, the strain-relaxed
devices or those under tensile stresses show much higher peak current. Comparing the
effect of Sn fraction (Ge — compressive GeSn) and strain engineering (compressive —
tensile GeSn) on BTBT, the Jyeak enhancement is stronger through strain engineering.
Furthermore, a slightly smaller slope for the tensile-strained device suggests the smaller
dependence of doping concentrations on BTBT current since the direct-band tunneling

becomes more dominant.
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Figure 4-16 Room-temperature peak current densities of all Ge and GeSn Esaki diodes.
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4.6 Direct and Indirect Tunneling in GeSn Esaki Diodes

4.6.1 Simulation of GeSn Band Structures

A nonlocal empirical pseudopotential method (NL-EPM) was used to calculate band
structures of Geo.92Sno.0s under different strain conditions. Detailed information and clear
physical explanation of band structure simulation could be referred to [106]. The local
form factors, nonlocal and spin-orbit parameters of Ge and Sn used for the calculation are
listed in Appendix. The modified virtual crystal approximation (VCA) was adopted to
interpolate the parameters for Geo.92Sno.s. The local form factors of Geo.92Sno.os as a

function of wave vector (q) are interpolated as

-QSn
VGel_XSnx (Q) (1 - x) VGe +Xx

Q VSTL
Geq_xSny

-QGel_XSnx
Eq. 4-13
'QSnVSn - 'QGeVGe

QGel_XSnx

—Px(1—x)

where Q is the atomic volume, V;, and Vs, are the form factors for Ge and Sn, and x
is the Sn fraction. P is the fitting parameter which is -0.3 in this work. The simulated band
structures of compressive-strain (e=—1%), strain-relaxed (¢=0), and tensile strained
(e=+1%) Geo.92Sno.08 are shown in Figure 4-17. The energy difference AE between the

minima of I' and L valleys is defined as AE=Egr-Eg1. The energy differences AE are 63
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Figure 4-17  Simulated Geo.92Sno.0s band structures under different strain conditions of

(a) compressive-strain (e=—1%), (b) strain-relaxed (¢=0), and (c) tensile strain (e=+1%).
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meV, 13.5 meV, and -31.4 meV in compressive-strained, strain-relaxed, and tensile-
strained Geo.92Sno.0s. That is, the tensile-strained Geo.92Sno.os alloy becomes a direct-

bandgap material.

4.6.2 Band Alignment of GeSn Esaki Diodes

The band alignment in a Ge Esaki diode is shown at different biases in Figure 4-18.
Doping concentrations of 3x10'” cm™ at both p*- and n'-regions (N* = 1.5x10" cm™)
were used with 1, =48.9 mV and V; =49.7 mV at T=20 K from the TCAD
simulation. The peak voltage is defined as Vyeqr = (V, + V3,)/3 [92]. At zero bias (Figure
4-18(a)), the energy minimum of the I" valley at the n-type region is higher than the
valence band maximum at the p-type region. A reverse bias over 40 meV is required to
align the I" valley in the conduction band at the n-type region with the valence band at the
p-type region (Figure 4-18(a)). Direct tunneling is allowed if there are electrons near the
edge of the valence band. Therefore, at the peak voltage, the I'-electrons are fully
misaligned with the hole band, so indirect tunneling is dominant in Ge Esaki diodes at

forward biases.
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Figure 4-18  Simulated band diagrams of a Ge Esaki diode at different biases of (a) zero

bias (b) reverse bias (c) forward bias at V=V peak
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Then, we consider the band alignment at V = Vyeax in GeSn Esaki diodes with the
same doping concentration for simple illustration. For compressive-strained GeSn (Figure
4-19(a)), according to the simulated band structure, the energy difference (Ep — E;) of
compressive-strained Geo.92Sno.os is much smaller (~ 63 meV) than the Ge case (140 meV),
and a certain part (~ 4 meV) of I" valley overlaps with the valence band. However, the
indirect bandgap characteristic and the small DOS of the I' valley limit the electron
population at I" valley, even at room temperature. Due to the limited energy overlap and
available electrons in I valley, the contribution of direct tunneling to the BTBT current
is weaker than indirect tunneling. Therefore, the Jpeax enhancement from Ge to
compressive-strained GeSn is simply due to the reduced tunneling barrier (with a smaller
bandgap) (Figure 4-16). For strain-relaxed or tensile-strained GeSn Esaki diodes, since
Er — E; is very small (still positive) or negative, direct tunneling could become dominant
because of much higher populations of I'-electrons. Once the direct tunneling current is
dominant, the BTBT current will increase rapidly with the population of the I'-electrons.
In addition, the energy overlap between electrons and holes in the I" valley at conduction
band in the n-type region and valence band in the p-type region, respectively, is enhanced
in strain-relaxed and tensile-strained GeSn, leading to more electrons participating the

tunneling processes.
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Figure 4-19  Simulated band diagrams at Vpeak for (a) a relaxed Ge, (b) a compressive-
strained, (b) a strain-relaxed, and (c) a tensile-strained Geo.92Sno.0s Esaki diodes.
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Chapter 5 Temperature-Dependence and Phonon

Spectra in GeSn Esaki Diodes

5.1 Introduction

5.1.1 Reviews on Temperature-Dependent I-V Characteristics of Esaki

Diodes

Although quantum tunneling is a temperature-independent process, the peak current
would vary with temperature due to other temperature-dependent parameters. Difference
parameters in BTBT current result in different temperature dependences, which are
positive or negative. A positive temperature dependence of the peak current is shown in
Figure 5-1(a) [107], where the peak current decreases with the reducing temperature from
303 K to 4.2 K. The bandgap broadening at lower temperatures leads to this positive trend
by increasing the tunneling barrier. Two clear humps are observed due to the onset of
phonon-assisted tunneling, which will be discussed in the next section. In contrast, a
negative temperature dependence of the peak current is shown in Figure 5-1 (b) [107],

where the peak current increases with the reducing temperature. The larger peak current
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Figure 5-1 Temperature-dependence I-V curves of (a) a Si and (b) a Ge Esaki diode
[107]. (c) Temperature-dependence peak and valley currents in a GaAs Esaki diode [108].
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at lower temperatures is mainly due to the increase of the integral D parameter, which is
relative to the tunneling window (available states). This will be further explained in a
physical picture in Section 5.2.1. These two opposite effects compete and dominate at
different temperature regions (Figure 5-1 (¢)). The temperature dependence of the integral
D is stronger at a higher temperature, especially for the doping concentration close to the
effective density of state Ncy(T). Unlike the peak current, the valley current
monotonically decreases with lowering temperature since the DAT current is effectively
suppressed at lower temperatures.

The temperature dependence of peak current in Ge diodes with different doping
levels was illustrated in Figure 5-2(a) [92]. The peak current is dominated by bandgap
energy for devices with higher doping concentrations, while it is dominated by the
integral D for devices with lower doping concentrations. These two factors are almost
balanced at N*~2.4x10" cm™ in Ge Esaki diodes. Our temperature-dependent J-V
curves of a strain-relaxed Ge Esaki diode shows a smaller peak current at a lower
temperature (Figure 5-2(b)). It is consistent with the prior work in Figure 5-2(a), where

the effective density of the Ge device (N*=3x10'" ¢m™) in this work is larger than the
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Figure 5-2 (a) Temperature-dependences of peak current in Ge Esaki diodes with

different doping levels [92]. (b) Temperature-dependent J-V curves of a relaxed epi-Ge

Esaki diode.
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balanced point at 2.4x10' cm™, and the peak current show the same temperature-

dependence as the higher doping sample (N*=3.8x10'° cm™) in Figure 5-2(a).

5.1.2 Review on Phonon Spectra in Esaki Tunnel Diodes (Si, Ge, I11-V)

The cusps in I-V curves for phonon-assisted tunneling diodes were clearly observed
in Si Esaki diodes (Figure 5-1(a)) and Ge Esaki diodes (Figure 5-3(a) [109]). In order to
precisely identify the onset voltage of the phonons, I-V curves are differentiated, as shown
with the first-derivative I-V (dI/dV-V) in Figure 5-3(b) and the second-derivative I-V
(d’I/dV2-V) in Figure 5-3(c). The phonon energies can be determined at the peaks in the
second-derivative I-V spectrum, which is called the phonon spectra in this work. The
peaks at 7.8, 27.6, 30.6, and 36.2 mV correspond to the transverse acoustic (TA),
longitudinal acoustic (LA), longitudinal optical (TO), and transverse optical (LO)
phonons, respectively [109]. However, the phonon-assisted tunneling may not appear in
some indirect-bandgap Esaki diodes (Figure 5-3(d) [110]). In a direct-bandgap
semiconductor, the electron tunneling can also be assisted with LO phonon participation
near k=0. Nonetheless, phonon spectra of Esaki diodes have been used to characterize the

BTBT processes.
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Figure 5-3 (a) I-V curve, (b) first-derivative (dI/dV-V) curve, and (c) second-
derivative (d*I/dV2-V) curve of an Sb-doped Ge Esaki diode [109]. (d) First-derivative
curves of I1I-V Esaki diodes [110]
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5.2 1I-V Characteristics of GeSn Esaki Diodes at

Temperatures of 4 K~ 300 K

5.21 Temperature-Dependent I-V curves of Compressive-Strained
GeSn Esaki Diodes

Temperature-dependent characteristics in GeSn Esaki diodes were measured at
temperatures between 300 K and 4 K. The temperature-dependent J-V curves of the
compressive-strained Geo.9255n0.075 Esaki Diodes are shown in Figure 5-4 (a) and (b) with
two different effective densities. For both cases, the valley current monotonically
decreases with a reducing temperature because of the suppressed DAT current, while the

temperature dependence of the peak current is different. The temperature-dependent Jpeak
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Figure 5-4  Temperature-dependent J-V curves with (a) N*=1x10" cm™ and (b)

o

N*=3x10" ¢cm. (c) Peak current density and (d) normalized Jpeax Versus temperature in

compressive-strained Geo.925Sn0.075 Esaki diodes.
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and normalized Jpeax With different doping levels are shown in Figure 5-4 (¢) and (d). The
peak current is normalized to their peak current density at 300 K. For the Esaki diode with
a lower effective doping concentration, in spite of its low Jpeak, the enhancement of the
peak current is the largest among the diodes of the three doping levels. Thus, the PVCR
increases from 2 at 300 K to 8 at 4 K. For the Esaki diode with a higher effective doping
concentration, as the temperature increases, the peak current increases initially and starts
to decrease at 200 K, which suggests two competing effects on the peak current.

At a lower temperature, the peak current decreases due to the widened bandgap,
leading to a larger tunnel barrier, which is confirmed by temperature-dependent GeSn PL
spectra in Chapter 3. On the other hand, the peak current also depends on the integral
factor D, which monotonically increases as the temperature decreases. A physical

schematic of the temperature dependence of integral D(T) is shown in Figure 5-5(a). The

300 K
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Figure 5-5 (a) A schematic on temperature-dependence of integral D(T) and (b) a

schematic on the doping effects on D(T).
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physical meaning of D can be understood that the available electrons and holes at a certain
energy (n(E) x p(E)) for tunneling are integrated through the tunneling window
(Eyp—Ecyn). At a high temperature of 300 K, electrons in the n'-region with higher
energies (magenta area) distribute beyond the tunneling window (above the maximum of
the valence band), and so do the holes in the p'-region (light green area). When the
temperature is reduced to 4 K, electrons are condensed under the Fermi level owing to
the step-function-like Fermi distribution. Thus, more electrons and holes are condensed
within the tunneling window, leading to an increase of D at low temperature.

The doping effects on the temperature-dependence of peak current in Figure 5-4(d),
where the low-temperature enhancement of Jpeak is smaller with a higher N*, could be
also explained by the doping effects on the temperature-dependence of D in Figure 5-5(b).
To briefly illustrate the doping effect, we can simply change the doping concentration of
the p' region (say a higher N, as the blue distribution graph) and characterize the available
holes within the tunneling window. At a high temperature of 300 K, compared to lower
Na case in Figure 5-5(a), more electrons are distributed the tunneling window and
available for tunneling (neff, high Na > Neff, low Na at 300 K). While at 4 K, all holes are

condensed under the Fermi level and within the tunneling window, where the amount of
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Figure 5-6 Normalized Jpeak in GeSn Esaki tunnels by TCAD simulation with
different doping levels.

88
doi:10.6342/NTU202300648



available holes is equal to the lower Na case (neft, high Na = Neff, low Na at 4 K) since the
tunneling window is limited by the n-type doping concentration. Therefore, the low-
temperature enhancement on the available carriers for tunneling is suppressed by higher
Na (R = nefrax/Nefr300K, Rhigh Na < R 1owNa). As a result, the low-temperature enhancement
on D(T) decreases with the doping level, leading to a reduced peak current of the Esaki
diode. The temperature-dependence of Jpeak is also confirmed with TCAD simulation.
Simulated normalized Jpeak for GeSn Esaki diodes are shown with different effective
doping concentrations in Figure 5-6. For a lower (higher) doping level, the normalized
Jpeak increases (decreases) monotonically as the temperature decreases.

Due to the doping effect on the temperature-dependence of Jpeak, the comparison of
the Jpeak temperature-dependence is also required on the similar doping level. Figure 5-7
shows the temperature-dependent Jpeax and normalized Jpeak in strain-relaxed Ge and
compressive-strained GeSn Esaki diodes with the similar N*~3x10" ¢cm™. In the
compressive-strained GeogsaSno.116 device, both Jpeak and low-temperature Jpeak
enhancement are the largest among the three devices of similar doping levels. The

normalized Jpeax at 4 K is evidently increased with the higher Sn fraction in GeSn Esaki
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Figure 5-7 (a) Peak current density and (b) normalized Jpeak versus temperatures in

relaxed Ge and compressive-strained GeSn Esaki Diodes with N*~3x10! cm™.
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diode increases, which may be due to the reduction of energy difference (Egr-Egr) and the

more direct tunneling current in total BTBT current.

5.2.2 Temperature-Dependent I-V of Strain-relaxed and Tensile-
strained GeSn Esaki Diodes

The temperature-dependent J-V curves of the strain-relaxed and tensile-strained
Geo.9258n0.075 Esaki diodes are shown in Figure 5-8 (a) and (b). The effective doping
concentrations were controlled at ~ 1.4x10' cm ™. The Vpeak shift in the relaxed device is
attributed to the increased series resistance at lower temperatures. Both device have
enhanced peak current at lower temperatures. For the strain-relaxed GeSn device, the
valley current was suppressed by a factor of 2.5, which may be thanks to the high-quality
growth of relaxed buffers with low-TDD. Thus, a PVCR of 15 is achieved at room
temperature and it is further enhanced to 53 at 4 K. For the tensile-strained GeSn device,
the high peak current density was further enhanced to 545 kA/cm? at 4 K with the PVCR
of 19. The normalized Jyeak at 4 K was about 1.7 times than that of the strain-relaxed

device. The normalized Jpeak of GeSn diodes under different strain conditions are plotted
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Figure 5-8 Temperature-dependent J-V curves of (a) a strain-relaxed Geo.9255n0.075

Esaki and (b) a tensile-strained Geo.925Sn0.075 Esaki Diodes.[104]
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devices. [104]

against temperature in Figure 5-9(a). By applying tensile stresses, the low-temperature
Jpeak enhancement (Jpeak(4K)/ Jpeak(300K)) becomes larger and is quite linear to the strain
(Figure 5-9(b)) owing to the indirect-direct bandgap transition. Schulte-Braucks et al.
suggested that the low-temperature Jyeak enhancement is attributed to the increase of the
electron population in the direct valley for direct-bandgap GeSn [85]. While this argument
is reasonable, without considering the doping level effect on the temperature dependence
of Jpeak, the conclusion might be inaccurate. More analysis of temperature-dependent
electron population on the BTBT will be introduced in the next section.

The ratio of Jpeak(4K)/Jpeak(300K) is improved for the strain-relaxed device with low
doping levels (Figure 5-10). Due to the low doping, the peak current density is ~ 0.35
kA/cm? with a PVCR of 11 at 300 K. At 4 K, the peak current was increased by 4.8 times,
with the valley current is reduced by a factor of 4.1 times. The highest PVCR of 219 was

achieved at 4 K, a record-high PVCR among all Esaki diodes.
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Figure 5-10  (a) Temperature-dependent J-V curves with an extremely high PVCR at 4

K. (b) Peak and valley current densities versus temperature with corresponding PVCR’s.

5.3 Electron Populations in GeSn at Different Temperatures

5.3.1 Electron Populations in Direct and Indirect Valleys of GeSn

The energy difference between the minimum of the I' and L valleys (Egr-EgL) is
rather small (~ 100 meV) in GeSn. Especially for Geo92Snoes, based on our EPM
simulation, the energy difference is close to the doping degeneracy, defined as the energy
difference between the Fermi level and conduction band minimum (typically 30 meV or
higher) and thermal energy kT/q (26 meV at 300 K). For indirect-bandgap GeSn with a
larger energy difference between two valleys (Figure 5-11(a)), the Fermi level is located
between Ecr and EcL, similar to the case of pure Ge. The thermal tail of Femi distribution
allows the electron population in the higher I'-valley at 300 K. While at 4 K, the step-
function-like Femi distribution condenses all electrons in the lower L-valley. For indirect-
bandgap GeSn with a smaller energy difference between two valleys (Figure 5-11(b)), the
Fermi level is above both Ecr and EcL. Thus, there are still some electrons in I" valley at 4
K. When GeSn becomes a direct-bandgap material (Figure 5-11 (c)), more electrons

populate in the I' valley, but the amount of I'-electrons is still fewer than that of L-
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Effective mass and DOS ratio vs. strain

electrons at 300 K and 4 K since the DOS of the I'-valley is too small. The DOS effective
mass is extracted from band structures by EPM simulation (Figure 5-11 (d)). The DOS
effective mass of the L-valley is eight times larger than that of the I'-valley, resulting in ~
85 times in density of states (o< M, - mb3s).

Then, the electron densities in L and I' valleys are calculated by Fermi-Dirac

distribution with the parabolic band approximation:

nup = j 9ur(E)f(E)dE
E

cL,r

Eq. 5-1

_ joo Mcﬁmz,rLS\/E —Ecr y 1 dE

2%3 E—E
EeLr mh 1+ exp( f

k)

For degenerate-doped semiconductors, the carrier concentration is fixed at all considered

temperatures (0 K~300 K)[111][112]. Therefore, a fixed total electron density is given as

[oe] [oe]

gL (EYF(E)dE + f 9r(E)f(E)E Eq. 52

Niotql = N T Np = f
EcF

EcL
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Figure 5-12(a) shows the I'-electron density with a fixed total electron of 2 x 10" cm™.

For the compressive-strained GeSn (Er-Er=63 meV), electron density in the I” valley is ~
3x10' cm 3 at 300 K, which is only 0.18 % of the L-electron density. However, the direct
tunneling current might still contribute significantly to the overall BTBT current due to
its high efficiency. At 4 K, the I'-electron density is reduced to zero (a very small number).
For the strain-relaxed GeSn (Er-Er=13.5 meV), the Fermi level is above the minima of
both two valleys (Figure 5-11(b)), the I'-electron density only slightly decreases from 300
K to 4 K. For tensile-strained GeSn (Er-Er=-31 meV), which is a direct-bandgap material,
the I'-electron density slightly increase at lower temperatures. Note that the number of I'-
electrons is still much less than that of L-electrons (nr/nt ratio =2.7 %), as shown in Figure
5-12(b). In Figure 5-12(c), the low-temperature ['-electron enhancement defined as ratio
of the 4 K I'-electrons over 300 K I'-electrons (nr(4K)/nr(300K)) is plotted against
temperature. Whether the population of I'-electrons at a lower temperature increases or
decreases is determined by the energy difference between two valleys. It is clear that the
low-temperature I'-electron enhancement is larger with the biaxial strain, which is similar

to the dependence of Jyeak enhancement on the strain in Figure 5-9(b).
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Figure 5-12  Simulated (a) I'-electron density and (b) nr/ny ratio in GeSn vs.

temperature under different strain conditions. (c¢) nr(4K)/nr(300K) versus biaxial strain.
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5.3.2 Electron Mobility Enhancement in GeSn by Strain Engineering

While the population analysis of the I' and L valleys suggests the direct BTBT
process dominates for the tensile-strained device, more evidence is required to further
confirm the direct-bandgap characteristics of the tensile-strained Geo.925Sn0.075 films. The
prior work on tensile-strained Geo.96Sno.o4 n-MOSFETs demonstrated a higher channel
mobility than the compressive-strained and strain-relaxed transistors [113], implying a
higher electron population in the I' valley. In this work, low-temperature Hall
measurements were performed to characterize the electron mobilities in n-type
Geo.925Sn0.075 films under different strain conditions. The n-type GeSn films were grown
by CVD with a similar epitaxial structure as GeSn Esaki diodes (Figure 4-5). In order to
eliminate the contribution of conduction from the buffer layers and the substrate, the
silicon-on-insulator (SOI) substrates were used, and all Ge VS and GeSn relaxed buffers
were undoped. The Hall measurements on the n-Geo.925Sno.075 films were done by a lab
co-worker Kai-Ying Tien [114].

The Hall mobilities of the n-type tensile-strained Geo.925Sno.075 films with different
doping concentrations are shown in Figure 5-13(a), where the inset shows the temperature
dependence of the electron concentration. Note that the electrons aren’t frozen out even
below a concentration of 1x10'® ¢cm™. For the heavily doped GeSn films (black), the Hall
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Figure 5-13  (a) Hall mobility of tensile-strain n-Geo.925Sno.075 films with different

doping concentrations versus temperature. (b) Hall mobility versus density at 4 K under

different strain conditions. (c) Hall mobility at 4 K versus biaxial strain. [104]
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mobility does not change with temperature since the impurity scattering is dominated at
all temperatures. For a lower doping concentration (blue), the mobility is much higher,
and phonon scattering dominates at temperatures higher than 75 K, while at lower
temperatures, impurity scattering dominates. In Figure 5-13(b), the 4 K Hall mobility is
plotted against the electron density under different strain conditions. For heavily-doped
GeSn (n4k > 10" ecm™), regardless of the strain conditions, the electron mobility is very
low (~100 cm?/Vs), which is dominated by the strong impurity scattering. The mobility
is enhanced by decreasing the doping concentration due to the suppressed impurity
scattering. The Hall mobility is significantly enhanced to 4,200 cm?/Vs in the tensile-
strained GeSn film. With electron densities of 1 ~ 2.4x10'® cm™, the Hall mobility of
Geo.925Sn0.075 1s enhanced by applying more tensile stresses due to a higher contribution
of I'-electrons with smaller effective masses (Figure 5-11(b)). The results strongly suggest
that the I'-electron population is significantly increased by strain relaxation or applying

tensile strain in Geg.925Sng.075 films.
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Figure 5-14  Peak current density vs. \/% of Esaki diodes on different material

platforms [115][116][117][118].
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At last, in Figure 5-14, the peak current density is plotted against the effective doping
concentration to evaluate the performance of Esaki diodes on different material platforms
[115][116][117][118]. The room-temperature (4 K) Jpeak of 325 (545) kA/cm? in the
tensile-strained Geo.925Sno.075 1s the highest among all reported group IV tunnel diode,
including RITDs [119][120] and RTDs. For compressive-strained Geo.025Sno.075 (Eg=0.53
eV) with a smaller E; than InGaAs (direct bandgap), and its peak current density is lower
due to its indirect-bandgap characteristics. By apply tensile stresses on Geo.9255n0.075
(Eg=0.5 eV), the tunneling current density is higher than that of InAs (Eg=0.35 eV) and
the staggered InGaAs/GaAsSb (effective Eg=0.43 eV) even though the latter two
materials have smaller bandgap energies. To reach a high drive current in a TFET, a
current density of 1MA/cm? is required and this can be achieved by increasing the doping
concentration and/or the Sn fraction in GeSn devices or applying larger tensile stresses.

Furthermore, the PVCRs are marked for those devices with high peak current
densities (Jpeak > 100 kA/cm?). The PVCR of 8.2 in the tensile-strained Geo.925Sno.075 is
the highest due to the suppressed DAT (Jvaiey), Which is attributed to the high-quality
GeSn and less defect states within the bandgap. In addition to the defects in the crystal
film, the surface states at the side walls of etched mesas by dry etching may also
contribute the DAT current to the valley current (Figure 4-9(a)). The surface passivation
can reduce the surface defect density. For example, GeSn photodiodes with sidewall
passivation by GeON have smaller dark current and higher responsivity [121], and the PL
intensity of GeSn is stronger with Al2O3 surface passivation [122]. Thus, an addition step
of sidewall surface passivation may help to decrease the total DAT current and further

increase PVCR.
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5.4  Phonon Spectra of GeSn Esaki Diodes

In addition to the population analysis of electrons for the indirect and direct BTBT
processes, phonon spectra of GeSn Esaki diodes were also investigated to further
understand the tunneling mechanisms. The phonon-assisted tunneling can only be
observed in I-V curves at cryogenic temperatures due to much reduced thermal
broadening [123]. While phonon cusps are clearly observed in the I-V curve in some of
Si and Ge Esaki diodes, phonon spectra derived from second-derivatives of I-V curves
(d’I/dV%-V) are a clearer indication to identify the phonon participation in the BTBT
processes for most of the tunneling devices, such as III-V Esaki diodes [110][124], metal-
semiconductor (MS) tunnel junction [125], metal-insulator—semiconductor (MIS) tunnel
junction [126]. For all Esaki diodes in this work, the I-V curves at 4 K were smooth
without any observable cusp. In addition, the noise levels were large in the phonon spectra
by performing second-order differentiations on those I-V curves. Thus, the differential
conductance (dI/dV-V) of the devices was characterized by ac lock-in techniques to
enhance the signal fidelity [127]. Then the second-derivative curve is extracted by further

performing another differentiation on the conductance data.

5.4.1 Phonon Spectrum of A Commercial Ge Esaki Diode

A commercial Ge Esaki diode (1N3717) was characterized at 4 K as a baseline to
justify the measurement setup and extraction procedures. Figure 5-15(a) shows the I-V
curve, dI/dV-V (differential conductance), and the d’I/dV>-V (phonon spectrum) at 4 K.
The I-V curve is smooth under a small bias (V < Vjeak) without any observable phonon
cusp. The peak current was 4.7 mA at room temperature and went down to 3.1 mA at 4
K. Since detailed information, such as area and doping concentration, is not available,

temperature dependence of peak current was not considered for comparison. In Figure
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Figure 5-15 (a) I-V curves and the associated first and second derivatives of a

commercial Ge tunnel diode (1N3717) at 4 K (b) Enlarged phonon spectra with labeled

phonon peaks.

5-15(b), the phonon peaks are asymmetric at forward and reverse biases. The TA, LA,
LO, and TO phonons were observed, and their positions of the peaks are consistent with

the phonon energies of Ge reported in [83].

5.4.2 Phonon Spectra of Epi-Ge and GeSn Esaki Diodes

The phonon spectra of the epitaxial Ge(Sn) Esaki diodes are shown in Figure 5-16
with their [-V curves in the insets. For the epi-Ge Esaki diode (Figure 5-16(a)), peaks of
the TA and the LA phonons are clearly observed, while the signals of the TO and LO
phonon are mixed with the LA phonon peak. The signals at the reverse bias were less
pronounced than those at the forward bias. The positions of those phonon peaks are
consistent with the commercial Ge Esaki, while the numbers are slightly larger due to the
series resistance effect. For the phonon spectrum of the tensile-strained Geo.925Sn0.075
Esaki diode (Figure 5-16(b)), the curve is much smoother with less prominent phonon
peaks even at a lower temperature of 1.5 K. Only a broad peak at 30 mV at forward bias

is observed, which may be attributed to the presence of LO phonons by referring to the
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phonon of III-V Esaki diodes [110][124]. While phonon participation is not required for

the direct BTBT process for most III-V direct-bandgap materials, the emission of LO

phonons still occurs during the tunneling process since their momentum can be zero with

non-zero energy at the Brillouin zone center [110]. As electrons at the I valley in the n*-

region tunnel to the valence band at the p'-region, the deformation-potential coupling of

electrons to optical phonons leads to the presence of LO peaks in the phonon spectrum

[128]. For the spectrum of the tensile-strained GeSn device, the absence of other

prominent phonon peaks with similar patterns to that of III-V Esaki diodes suggests that

the phonon participation is much weaker than in the Ge case.

For the phonon spectrum of the compressive-strained Geo.o45Sno.0ss Esaki diode

(Figure 5-16(c)), broad humps were observed and seemed to be antisymmetric feature.
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Figure 5-16  Phonon spectra of (a) relaxed Ge, (b) tensile-strained Geo.925Sno.075, (c)

compressive-strained Geo.945Sno.0ss and (d) strain-relaxed Geo.925Snoo75 Esaki diodes.

[104]

100

doi:10.6342/NTU202300648



Unlike the Ge case, it is not straightforward to identify the types of phonon peaks since
the signals are rather broad. This might be attributed to the mixing of indirect and direct
tunneling and suggests the onset of direct tunneling. In fact, in the literature [84], the
phonon peaks in Si-Ge alloy were slightly broader than those of pure Si and pure Ge,
while their peaks were still prominent. In our devices, the elastic strain could further
deform and broaden the phonon energies. For the strain-relaxed GeSn device (Figure
5-16(d)), the phonon spectrum is smoother with less pronounced peaks observed and
similar to that of the tensile-strained GeSn device owing to the dominance of direct
tunneling. The results suggest that direct tunneling dominates in the strained-relaxed and

tensile-strained GeSn Esaki diodes.

101
doi:10.6342/NTU202300648



Chapter 6 Electron Transport in GeSn Epitaxial

Films with High Sn Fractions

In addition to excellent performance for optical device applications, direct-bandgap
GeSn is also promising for electrical devices due to its great carrier transport properties.
Especially for the electron transport, direct-bandgap GeSn is expected to have much
boosted electron mobility due to the small electron effective mass in the direct I" valley.
GeSn with a Sn fraction ~ 10 % is near the crossover of indirect-to-direct bandgap, and
electrons in the indirect L valley still play an important role in the overall electron
transport due to small energy difference between the indirect and direct valleys. However,
the direct-bandgap GeSn films require high-Sn fractions ([Sn]>15%) were only
experimentally studied for their optical properties [129]. The experimental results on
electron transport in GeSn were reported with a Sn fraction below 10 % by means of Hall
measurements [104] or n-FETs [113][130]. In this work, the Hall measurement results on
n-type GeixSnx films up to 21 % are demonstrated, and GeSn electron mobility is studied
with wide a Sn fraction from 4 % to 21 %, which covers indirect and direct-bandgap GeSn.
Furthermore, a detailed calculation on electron mobility is demonstrated to further

investigate the electron transport in GeSn.

6.1 Hall Measurements of n-GeSn Epitaxial Films

6.1.1 Electron Transport in GeSn

Classical electron transport in semiconductors can be described by Drude model. In
semiconductors or metals at finite temperatures, free electrons move randomly with the
thermal velocity without creating a net current. Once an electric field (€,) is applied,

electrons are accelerated by the electric field until scattering processes occur, such as
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impurity or phonon scattering. Those electrons will lose their momentum and/or change
their travelling direction, and then are accelerated by the electric field again until the next
scattering events. The average drift velocity v, can be derived by considering an average

scattering time T

—qTE = u,E =& Eqg. 6-1
= = = = . 6-
< Cx UnCyx Un . q

Vg

where m* is the effective mass for conductivity, and p, is the electron mobility. The
approach on the holes in valance band is similar. The net current density follows the
Ohm’s law by giving the electron density » and hole density p,

Jarise = q(nity + Py )€ = €, Eq. 6-2
where n and p are the concentrations of electrons and holes, respectively, p, is the hole
mobility, and o is the conductivity of the material. In semiconductors, the carrier
mobility is limited by several scattering mechanisms, such as phonon scattering and
impurity scattering. According to Matthiessen's rule, the effective scattering time can be
calculated by considering the scattering rates of the individual processes, where the

scattering rate is the inverse of scattering time [131].

1 1 1 1
= Z - = =) = Eq. 6-3
T

Toverall ; Hoverall ; Ui

In a GeSn alloy, the electron effective mass at the I" valley is smaller than that at the
L valley [2], which is similar to GaAs. When GeSn becomes a direct-bandgap material,
the electron transport is dominated by the I'-electrons, whose mobility is predicted over
10° cm?/Vs at room temperature (with a carrier density of ~ 10'> cm™) [132][133]. By
increasing the Sn fractions or applying tensile stresses [133], the electron effective
mobility is enhanced due to the dominance of the I"-electrons with a higher mobility than
electrons in the L valley. This mobility enhancement results from the bandgap transition,

which was experimentally reported in GaAsixPx alloys, as shown in Figure 6-1(a) and (b)
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Figure 6-1 (a) Bandgap energy and (b) electron Hall mobility in GaAsixPx alloy.
[134] (c) Electron concentration and (d) Hall mobility of n-type Geo.g75Sno.125 epilayers
and GeSn on insulator (GSOI) [135].

[134]. GaP is an indirect-bandgap material, and the transition of indirect-to-direct
bandgap occurs at x ~ 0.4. The electron Hall mobility is enhanced by over an order of
magnitude. However, the experimental result on the electron mobility in direct-bandgap
GeSn with a high Sn fraction has not yet been investigated systematically. Only Schulte-
Braucks reported the electron Hall mobility of 4,500 ¢cm?/Vs at 50 K in n-type
Geo.8755n0.125 films [135] (Figure 6-1(c) and (d)). In this work, the electron Hall mobility

of GeSn epitaxial films is characterized to investigate the transition of indirect-to-direct

bandgap in GeSn alloys.

6.1.2 Hall Effects

Hall measurement is a well-developed method to simultaneously extracting carrier
concentrations and mobility in materials. The Hall effect is schematically shown in Figure
6-2(a). Assuming a current [, flowing in x-direction and an out-of-plane magnetic field
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B, applied in z-direction, the induced Lorentz force deflects the electrons and builds up
an electric field €4 in y-direction across the width W. The corresponding voltage Vy =

EyW is called Hall voltage and given by [136]

r B, Byl
L e

H =

— Eq. 6-4
qn t d

where t is the thickness of the conduction layer, and 7 is the Hall scattering factor, which
is 1 <r < 2, depending on the scattering mechanism. Ry is called Hall coefficient,
which is —1/gn (negative) in n-type conduction and +1/qp (positive) in p-type
conduction, respectively, by assuming »=1. One can calculate the Hall mobility by o =

qni, by measuring the conductivity
1
og=—=—— Eq. 6-5

For practical measurements on bridge-type Hall-bar devices (Figure 6-2(b)), an ac current
source I, with an amplitude of 100 nA and a frequency of 13 Hz is injected to the Hall-
bar device in series of a 10-MQ resistor. The voltage Vi, and the Hall voltage V,, are
measured by lock-in amplifiers. In order to exclude a non-ideal voltage drop at zero
magnetic field, the 2-D electron density (cm™) is determined by the slope of Hall voltage

(Vxy) and applied magnetic field (B,)

Figure 6-2 (a) Schematic of Hall effects and (b) Hall measurement setup in this

work.
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I, 1
N2p Hall = NHau "t = _7W

Eq. 6-6
The electron Hall density nyg; (cm™) is then derived by multiplying the thickness t
(assuming uniform distribution). At the same time, the electron Hall mobility is measured

as follows:

L, L

_— Eq. 6-7
qnzp HaiVex W a

Uyan =

If two conducting channels contribute to the electric current, the total (measured) Hall

carrier density and mobility are given by a bilayer model [136]

(nqpq + nypiz)? nipy® +nppy’
) _ o _ Eq. 6-8
2D,total n1‘u12 + leﬂzz Htotal nq{uq + nyU, 1

in a low magnetic field limit, where n; and n, are the 2-D carrier densities of two
conducting channels. The two channels can be two separated layers (a n-type film on a p-
type buffer), two-subband conduction in a quantum well, or two types of carriers in a

material, such as electrons and holes [137], or I'-electrons and L-electrons in GeSn.

6.2 Hall Measurement on Electron Mobility in GeSn

6.2.1 Epitaxial Structures of GeSn Films

In order to epitaxially grow ([Sn]>18%) GeSn films with high Sn fractions, the GeSn
relaxed buffer is required to reduce compressive strains, as discussed in Chapter 2. The
epitaxial structures are designed to investigate the effects of strain and Sn fractions on the
electron mobility (Figure 6-3). In Figure 6-3(a), the p- Si wafers (p ~ 10 {lcm) were
served as the substrates, and the Ge VS and Geo.ssSno.12 relaxed buffer are undoped to
minimize the residual conduction. Before the deposition of the n-type strained Geo.g2Sno.1s
layer, a thin 20-nm Ge layer is served as a marking layer to separate the underlying relaxed

buffer and the n-type GeSn active layer. The compressive strain of -0.99 % in the strained
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Figure 6-3 Epitaxial structures of n-type strained Geo g2Sno.1s layers on (a) Geo.ssSno.12
or (b) Geo.82Sno s relaxed buffers. (¢) Strained Geo.g6Sno.14 and (d) strained Geo.790Sno.21 on

the same Geo.gsSno.12 relaxed buffer as (a).

Geo.82Sn0.18 is determined by RSM. The Geo.92Sno.0s relaxed buffer is used to modify the
strain condition of the strained Geo.s2Sno.1s layer with a larger compressive strain of -1.42
% (Figure 6-3(b)). The n-type GeSn layers with a lower and a higher Sn fraction are
grown on the Geo.gsSno.12 relaxed buffer in Figure 6-3(c) and (d), respectively. The strains
ofthe active GeSn layers are -0.43 % and -1.4 %, respectively. For each structure in Figure
6-3, at least three doping concentrations in the active n-GeSn layers were used.

The analysis of TEM and RSM was performed to measure the thicknesses of n-type
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Figure 6-4 (a) Dark-field scanning TEM image and (b) RSM contour mapping of

strained Geo.s2Sno.1s on a Geop.ggsSno 12 relaxed buffer.
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GeSn layers and to characterize the strain conditions, respectively. The thickness of
Geos2Sno.181s 129 nm (Figure 6-4(a)). In Figure 6-4(b), the Geo.s2Sno.1g layer is fully
strained (€=-0.99 %) to the Geo.8sSno.12 relaxed buffer, and the mark Ge layer is slightly

tensile-strained.

6.2.2 Device Fabrication of Hall-Bar Devices

To measure electron mobility and density in the n-type GeSn layer, the Hall-bar
devices were fabricated for the low-temperature Hall measurement. The process flow of
the Hall-bar device is shown in Figure 6-5(a). After the CVD growth, the wafers were
diced into small pieces (1 cm % 1 cm). The samples were ultrasonically cleaned with
solvents, and the Hall-bar region was defined by photolithography. The Hall-bar mesa
was dry-etched by Cl2/BCI3 RIE until the p- Si substrate is uncovered. The samples were
cleaned with solvents again followed by diluted HF dips to remove surface native oxides.
A photolithographic step and a lift-off process of 10-nm Cr/200-nm Au were performed

for the contact pad. The size of contact pads is 100 x 100 um? for wire bonding. At last,

(a)

® GeSn CVD Epitaxy

Photolithography for
Hall Bar Region

Hall Bar Mesa Etching
» Cl, based dry etching

@ Photolithography for
Metal Contact

Contact Deposition

& lift-off
» Cr (10 nm)/Au(200 nm)

¢ Dicing Saw & wire
bonding for
v LT measurement

Figure 6-5 (a) A process flow and (b) an aerial schematic of a Hall-bar device. (¢c) An

OM image of a Hall-bar device with wires bonded.
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samples were diced into pieces of 4 mmx 4 mm and wire-bonded on the sample holder
for low-temperature measurements. The aerial schematic of the Hall-bar device is shown
in Figure 6-5(b) with the OM image of the device with wire bonding in Figure 6-5(c).
The Hall measurement was performed by SR830 lock-in amplifiers in a cryostat system

at4 K ~300 K.

6.3 Electron Mobility in GeSn with High Sn Fractions

6.3.1 Hall Measurements of n-type Geo.s2Sno.1s under Different Strains

Hall mobility and Hall density of n-type Geo.s2Sno.1s with different strains are shown
in Figure 6-6. Figure 6-6 (a) and (b) show the results of four different doping levels in the
n-Geo 82Sno.18 layers with a strain of € =-0.99 %, corresponding to the structure in Figure

6-3(a). For the highest doping of nsx = 4x10' cm™ (black curve), the Hall mobility is
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Figure 6-6 (a) Hall density and (b) Hall mobility of n-type strained Geo.s2Sno.1s (& =-
0.99 %) on a Geo gsSno.12 relaxed buffer. (c¢) Hall density and (d) Hall mobility of n-type

strained Geo.s2Sno.15 (€ =-1.42 %) on a Geo.82Sno 08 relaxed buffer.
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about 350 cm?/Vs and almost constant at all temperatures. For the medium doping of nak
=3x10" cm™ (red curve), the Hall mobility is increased to 2,500 cm?/Vs at 150 K due to
the suppressed ionized impurity scattering. For the low doping of nsk=2.2x10!" ¢cm™
(magenta curve), the Hall mobility is enhanced up to 9,500 cm?/Vs below 75 K. The Hall
mobility at temperatures above 100 K is smaller than that of the sample with a slightly
higher doping (blue curve), which may be due to the effect of p-type conduction from the
undoped GeSn buffer, Ge bufters, or the p~ Si substrate. For a sample with a lower doping
level, the effect of parallel conduction is stronger, reducing the measured Hall mobility
and increasing the measured Hall density (will be explained by the bilayer model in
Section 6.3.3). At a lower temperature (< 100 K), the parallel conduction becomes much
suppressed since the buffer layer and the Si substrate become insulating due to the carrier
frozen-out.

For the Geos2Sno.is layer with a larger compressive strain of & =-1.42 %,
corresponding to the structure in Figure 6-3(b), the Hall density and mobility are shown
in Figure 6-6 (c) and (d), respectively. The Hall mobility of the sample with highest
doping level shows a constant mobility of ~ 280 cm?/Vs. For the case of a medium-doping
level (nax = 1.1x10'® cm 3, red curve), the Hall mobility is 1,850 cm?/Vs at 4 K ~ 50 K.
Because of the thinner n-type layer (~ 40 nm), the device with the lowest doping level
show the p-type conduction at all temperatures (blue hollow points) due to the residual
conduction.

The mobilities for the two devices with a similar doping concentration (nsx = 1 ~
3x10'" ¢cm™, red curves in Figure 6-6(b) and (d)) on different GeSn buffers at low
temperatures (below 100 K) are compared. The electron mobility in the less compressive-
strained Geo.82Sno.18 layer (€ =-0.99 %) is slightly higher than that of larger compressive-

strained epitaxial layer (¢ =-1.42 %). In Figure 6-7, the band structures by EPM simulation
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Figure 6-7 Simulated EPM band structures of Geo.s2Sno.1s with the compressive

strain of (a) € =-0.99 % and (b) € =-1.42 %.
suggests that both conditions are already direct-bandgap, while the larger compressive

strain (|g[=0.99 %—1.42 %) leads to a smaller energy difference between the L and I"
valleys (Er-Er=94 meV — 74 meV). Therefore, there are more L-electrons, whose

electron effective mass is larger, leading to a lower mobility.

6.3.2 Hall Measurements of n-GeSn with Different Sn fractions (14 %
~21 %)

The Hall density and Hall mobility of n-type Geo.s6Sno.14 and Geo.790Sno 21 epitaxial
films (Figure 6-3(c) and (d)) on the same GeSn relaxed buffer are shown in Figure 6-8.
Figure 6-8 (a) and (b) show the Hall measurement results for four different doping levels
in Geo.g6Sno.14 with a strain of € =-0.43 %. The Hall density of the device with the lowest
doping level increases significantly at temperatures higher than ~ 250 °C because of the
parallel conduction in the buffer and substrate. The Hall mobility becomes higher with a
lower doping concentration at all temperatures due to the less impurity scattering. For the
lowest-doping sample (nsx=2x10'" cm™>), the highest Hall mobility of ~ 8,700 cm?/Vs is

reported below 75 K.
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Figure 6-8 (a) Hall density and (b) Hall mobility of n-type strained Geo.s6Sno.14 (€ =-
0.43 %), and (c) Hall density and (d) Hall mobility of n-type strained Geo.790Sno .21 (€ =-
1.42 %).
For the n-type Geo.79Sno 21 layer (¢ =-1.4 %) on the Geo.gsSno.12 relaxed buffer, the

Hall density and mobility are shown in Figure 6-8 (c) and (d). The Hall mobility of the
device with a high doping concentration (nsx = 1.2x10" cm™, black curve) shows a
constant mobility of ~ 400 cm?/Vs, while for the lower doping concentration (nax =4x10!7

m>, red curve), the mobility is much larger (4,000 cm?/Vs at T < 100 K). The Hall
density is also increased due to the bilayer effect at a higher temperature. Considering the
Hall mobility at low temperatures (say 4 K), the mobility does not increase with the Sn
fraction (from 14 % to 21 %) in GeSn, and seems to slightly decrease in n-type Geo.79Sno 21,
which might be due to no few I'-electrons or stronger alloy scattering. Further analysis

will be introduced in Section 6.3 .4.
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Figure 6-9 Hall measurement results of p-type UID Geo.92Sno.0s relaxed buffer/Ge VS.

6.3.3 Effects of GeSn Relaxed Buffers

The majority carrier type in undoped Ge or GeSn epitaxial layers is p-type (hole)
[135][138]. Using a SOI wafer can effectively eliminate the conduction of the thick Si
substrate. Figure 6-9 shows the Hall measurement results of an undoped GeSn epitaxial
layer on a thin Ge buffer using a SOI substrate. The integrated 2D hole density is 4 x 10"
cm 2 at 300 K, corresponding to a 3D density of 8 x 10'® cm™ for a 500-nm buffer layer.
The 2D hole density deceases to 1.5 x 10'> cm 2 at 4 K, where the freeze-out effect is not
significant in Ge and GeSn bufters. Therefore, the effects of p-type bufters on the active
n-type GeSn layers need to be considered for the characterization of the electron mobility
by Hall measurements.

The schematic of the bilayer conduction in the n-type GeSn epitaxial structure is
shown in Figure 6-10(a). Part of injected current flows across the GeSn p-n junction
between the active n-type GeSn and the unintentional-doped p-type GeSn relaxed buffer.
Since the GeSn p-n junction is leaky due to the small bandgap energy [113], the Hall
transport shows bilayer characteristics, especially at 300 K. The total conduction can be
simplified by a bilayer model with a n-type layer (i, n,p) and a p-type layer (up, p2p).
The effective Hall mobility and density can be derived from Eq. 6-8
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(naptn + Pznﬂp)z Nophtn® — quﬂpz
and Utorqr =

> > Eq. 6-9
NapUn® — P2pHp Napln + D2pUp

Nap total =

assuming the overall conduction is still n-type (n,pu,® — papiy,* > 0). The deviation
between the effective Hall results (n,p ¢orqr and peoeq;) and original parameters in the n-

type layer (n,p and u,) can be evaluated by the ratio of p-type and n-type conductance

R :pﬂ)—lip Eq, 6—10
Na2pUn
Then, Eq. 6-9 can be derived to
Hp
1—-{(=—)R
nZDttl—nZD-ﬂ and“ttl—u-M Eq6_ll
,total — otal — Hn .
1—(&)R 1+R
Hn

The plot of effective Hall results versus conductance ratio is shown in Figure 6-10(b). As
the bilayer effect is strong, where the conductance ratio R is close to 1, the Hall density
(N2p totar) become much larger than the original n-type doping density (n,p = n-t;),
while the effective Hall mobility (psorq;) becomes smaller than the original n-type

mobility (¢, ). The bilayer effect explains the deviation of the Hall density in the device
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Figure 6-10  (a) Schematics of the bilayer conduction in the GeSn epitaxial structure.

(b) Effective Hall density and mobility due to the bilayer effect.
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with the lowest doping sample at 300 K in Figure 6-8 (a). At low temperatures, the
conductance of the p-type buffer layers (including p~ Si substrate) becomes much smaller
due to the free-out, leading to an increase of the resistance of p-n junction [139] and
preventing current leakage into GeSn buffer layers significantly. Therefore, the bilayer
effect is much suppressed at low temperatures, and the Hall measurement results are much

closer to the actual transport characteristics of the active n-type GeSn layer.

6.3.4 Comparison and Analysis

To rule out the bilayer effect, the Hall mobility at 4 K is chosen for the following
analysis. Figure 6-11(a) shows the Hall mobility versus Hall density in the n-type
Geo.92Sn9.,08 devices, (replotted version of Figure 5-13(b) in a log-log scale). For each
strain condition, the mobility is decreased with the doping concentration due to the
enhanced impurity scattering. According to the prior discussion in Section 5.3.2, the
mobility of Geo.92Sno.0s is enhanced by strain engineering toward tensile strain due to
more electrons populating in the I" valley. The Hall mobility versus Hall density in the n-
type Geo.s2Sno.1s samples is plotted in Figure 6-11(b). For Geo.sSno.13, with a smaller

strain (€ =-0.99 %), the Hall mobility is higher. According to simulated band structures in

(a) (b) (c)
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Figure 6-11 4 K Hall mobility versus Hall density for (a) Geo.92Sno.os, (b) Geo.g2Sno.18
under different strain conditions, and (c) strained GeSn with [Sn] =8 ~ 21 % on the same

Geo.8sSno.12 relaxed buffer.
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Figure 6-7, the larger compressive strain reduces the energy difference between I and L
valleys (Er-Er), which affects the electron population in two valleys.

Figure 6-11(c) plots the Hall mobility in GeSn with different Sn fractions (8 % ~ 21
%) using the same Geo.gsSno.12 relaxed buffer. The electron mobility increases with the Sn
fraction until 14 % (green scatters). Further increasing the Sn fraction to 18 % (blue
scatters) does not enhance the electron mobility, and the mobility becomes even smaller
for Geo.79Sno21. In addition to the effects of the electron population, other factors relevant
to the Sn fraction may influence the mobility, such as the alloy scattering in GeSn alloys.
Increasing the Sn fraction in the active GeSn layer leads to a stronger alloy scattering and

reduces the mobility.

To further investigate the effect of the Sn fraction on electron mobility, the I"-electron
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Figure 6-12  T'-electron population ratio in n-type (a) Geo.ssSno.14, (b) Geos2Sno.1s, and
(c) Geo.79Sno21. (d) I'-population ratios with total electron concentrations of 10'7, 108,

10" in these three GeSn.
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nr

density over the total electron density ( ) in Geo.g86Sno.14, Geo.825n0.18, and Geo.79Sn0 21

np+nr

is calculated and shown in Figure 6-12. The energy difference and effective masses are
extracted from the EPM simulation results. The EPM results suggest the direct bandgap
in these three conditions with the direct energy difference (Er-Er) from 61 meV to 118
meV. For a high doping density of 10'” cm™, the ratio is only 5 % and do not change much
with temperature. For a low doping density below 10!7 cm™, the I'-electron population is

much lower (0.08 ~ 0.3) at 300 K for the Sn fractions of 14 % ~ 21 %, while most of all

electrons condense to the lower I valley (ﬁ = 1) at lower temperatures. The electron
L r

population of the three conditions are shown in Figure 6-12(d). For the doping density of
10'7 ¢cm, I'-electron population rate is 100 % at 75 K, regardless of the Sn fraction. The
electron effective mobility is fully dominated by the I'-electron mobility. For the higher
doping density (nww=10" cm™), the 4 K population of T'-electrons increase slightly from
Geo.86Sno.14 to Geo.g2Sno.18. For a higher electron density, most electrons populate in L-
valley. Meanwhile, increasing the Sn fraction leads to a smaller electron effective mass
of I'-electrons (mr;14%=0.024 mo and mr21%=0.015 myo), so the DOS of I'-valley and the
number of I'-electrons become smaller. Thus, effects of a larger energy difference
between L and T" valleys to increase the I'-population are counterbalanced at the same
time. Therefore, for a high Sn fraction ([Sn] > 14 %), increasing the Sn fraction does not
effectively increase the I'-electron population at low temperatures.

Last, 4 K mobility of all n-type GeSn devices is illustrated in Figure 6-13. The data
points of Ge are the 77 K mobility in the reference [140]. The data points of experimental
mobility are classified into several doping ranges (n ~3x10'7, ~1 x 108 | ~3 x 10'8 ~ 1
x 10" and ~ 1 x10%° cm ™) with different marks. The fitting experimental mobility at n =
1 x 108 cm™ is shown as the column bars. The mobility trend starts from Ge, which is an

indirect material with the largest energy difference between L and I' valleys (Er-EL=140
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Figure 6-13 4 K electron mobility of n-Ge to n-Geo.790Sno.21 films.

meV). By increasing the Sn fraction in GeSn, the mobility decreases due to the enhanced
alloy scattering. By relaxing the compressive strain and applying tensile stresses on
Geo.92Sno.0s, GeSn becomes direct-bandgap and more I'-electrons contribute a higher
effective mobility. By increasing the Sn fraction further (up to 18 %), the energy
difference between the L and I' valleys becomes larger, leading to more electrons
populating in the I" valley and thus, a higher mobility. By increasing the Sn fraction
further to 21 %, although there are more electrons in the I valley due to the larger energy
different between the L and I" valleys (Figure 6.12(d)), the mobility decreases, which
suggests the alloy scattering becomes dominates again since the strains for the Geo.s2Sno.18

and Geo.79Sng 21 films were controlled at ~ -0.99 % to rule out their effects.
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6.4 Theoretical Calculation of Electron Mobility in GeSn

The theoretical calculation on GeSn electron mobility is demonstrated in order to
further understand the carrier transport in GeSn, which is complex due to the mixing
results of many factors, such as different scattering mechanisms and the relative
populations in the I" and L valleys. In addition, the strain condition of GeSn also affects
the electron population and mobility. Prior works only calculated the GeSn electron
mobility at 300 K with a low carrier concentration of 10" em™ [133] (10 cm™ in [132]).
Therefore, the theoretical calculation in this work is extended to a higher electron density

and much lower temperatures.

6.4.1 Carrier Scattering Mechanisms

The scattering rates for both I'- electrons and L-electrons due to acoustic deformation
potential (ac), optical deformation potential (op), alloy (al), and ionized impurity (imp)

scatterings are expressed as follows [131][141]

2 3/2
i — \/zDac(ml"orL) / kBT E1/2 Eq. 6-12

Tac mh*p Vsz

1 VZDozp(rnI"orL)g/2
— = No(E + hwo)Y2 + (Ny + 1)(E — hwy)/? Eq. 6-13
= Ao WNo(E +hwo)/ + (No + D(E — hwo)"?] - Eq

1 _ \/Eaganllz(mF or L)3/2

x(1—x)EY/? Eq. 6-14

Talloy 8mh

1 4N

= 1 L(E) E~3/?

Timp 16me?\/2Mmy or

here L(E) = I 1+8mL%E 2 4L - ekgT
, Where =In 72 8mL%E an p = ZN,

1+—3

For the above equations, E is the kinetic energy of the electron in the valley, D,. and
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D, are the deformation potential constants (DPCs) for acoustic phonon and optical

. . . . 1 2
phonons, p is the mass density, v; is the sound velocity, N, = “Fog/BT 7 1S the

phonon number, hw, is the optical phonon energy, Uy is the alloy scattering potential,
a, 1is the lattice constant, and x is the Sn fraction. Assuming fully ionized, the ionized
impurity density N; is equal to the donor density and total electron density (nr+nr).
L(E) considers the influence of the screened Coulomb potential by mobile carriers,
where Lp is the screening length. mp,,; is the density-of-state effective mass of I'-
electron and L-electron.

The average relaxation time of each energy-dependent scattering rate is derived from
the average velocity under the condition of the uniform electric field [131].

€

l U, = ::lz* = (—q)rﬁz’k Eq. 6-16

X f

W) =57

_ (—CI)S IZp Uzsz (E)fo (E)

nkgT
where f, is the Fermi-Dirac distribution function

1 Ae (Eco +p®/2m" — Ep)

fo= i1 kaT Fa. o-17
Eq. 6-16 can be written as
(0,) = (;lz) (1/3) Lp(m'v?/2)ts (E) fo (E) e - DL (Ef(E)) Eq. 6-18

(1/3)(E) fomt (E)
in a simple notation (E1;(E))/(E), and compare the above equation with the expression
of drift velocity vy = u,€ (Eq. 6-1)

_ q{(tf)) (E1f(E))
e i

(E)

where ((t¢)) = Eq. 6-19

HUn
The double brackets are to indicate that ({t)) is not a simple average of 7,(E) over the
distribution function. {({(z¢)) can be further simplified with Boltzmann approximation

p(p?/2m* )ty (E)e P /2m keT
p(p?/2m)e=p*/2m kst

() = where E = p?/2m* Eq. 6-20
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This can be converted to an integral below:

Iy 1 (E)e™P"/2m k5T pidp

= Eq. 6-21
By substituting n = p?/2m*kzT = E/kgT into the above equation,
St mn*fe™dn  I(s+5/2
(e =27 SPRACRLIL Eq. 622

= =T
fo n3/2e~"dn 1 T(5/2)
with the energy-dependent scattering expressed in terms of power-law (77(E) =

To[E /kgT]®). Then, the scattering relaxation time can be calculated in a complete form,

for acoustic scattering time

(o)) = — LI LV
Tacl) = 7 —=Toac = 3 KB Eq. 6-23
Sﬁ SﬁﬁDgc(mF or L)E

with the T73/2 temperature dependence, and alloy scattering time

4 4 8mh

1
A (ksT)2  Eq. 6-24
3VE O BVEVZA | Uy 2 (mp or )32 (A —2) ~ 0 a

((ta)) =

with the T~'/2? temperature dependence. With a low carrier density, the impurity
scattering can be also expressed in a power-law and shows the T3/2 temperature
dependence. The effective mobility by different scattering mechanisms can be calculated
by Eq. 6-19, and the mobility of I'- electron (ur) and L-electron (y;,) are derived by
Matthiessen’s rule (Eq. 6-3), respectively.

The effective mobility of GeSn is combination of yr and p; by the populations in
two valleys, where the populations (nr and np,) can be calculated given the energy
difference in Section 5.3.1. First, the effective mobility is calculated by the linear
combination, based on the concept of the average drift velocity

L L L p _ Npur +npuy,
7= = gy =t LA
nr + ny, r nr +ny, L linear nr +np,

Eq. 6-25

However, for the measured mobility by Hall effect, the effective mobility includes the
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bilayer conduction, which is written as

nepr’® +nyp;”

Eq. 6-26
Nrir + Ny,

Upitayer =

Both expressions of overall mobility will be used in the following calculations.

6.4.2 Validity of the Transport Equation and Adjustment on Impurity

Scattering

In above discussion and derivation, one of the issues on the validity of the Boltzmann
transport equation is from the distribution function. Since the Fermi distribution function

varies rapidly near the Fermi level Ep, the inequality A E< kT must be satisfied for

Boltzmann approximation [142]. According to the uncertainty principle, AEAt > A, if

we take At to be 7, we find that

h
> Eq. 6-27
b7 kT d

It can be written in a different form in term of the mobility [heavily]

qh
m*kgT

u > Eq. 6-28

Comparing these inequalities with the measured mobility, the transport equation is
applicable to Ge only for impurity concentrations on the order of 10'® cm™ at 300 K, and
not applicable for lower impurity concentrations at low temperatures [140].

D. M. Szmyd et al. derived a new impurity scattering formula for degenerately-
doped material, which accurately matched with the experimental mobility of n " GaAs
(up to 10" cm™) at 300 K and 77 K [143]. The formula of impurity mobility considered

the increase of effective mass due to nonparabolicity of conduction band:
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Eq. 6-29

1
,fo(ﬂ)=m

where & is permittivity, 7 is the normalized Fermi energy (ErksT), Fj(ng) is

the Fermi integral of order j, s = (a/E;)kgT is a factor for nonparabolicity, and a is

the dimensionless nonparabolicity coefficient. The formula can be applied in a wider

density range from non-degeneracy (7, « 0) and strong degeneracy (nz > 0).

In GeSn, the first-order nonparabolicity of the conduction band at I' (ar) and

L (ap) valleys can be approximated by the following expressions [144]

1 m

~—(1-—-5)2 d =~
ar ( )° and «a; 3

Er my

Eq. 6-30

Thus, the adjusted impurity scattering mobility can be adopted instead of Eq. 6-15 in the

GeSn mobility calculation.

6.4.3 Parameters for Mobility Calculation

The alloy composition in Ge-xSny considered in the calculation is in the range 0 < x

Table 6-1 Parameters for mobility calculation in GeSn.

Parameter Ge Sn

ao (A) [133] 5.6573 6.4892
vs (m/s) 5,400 2,730
p (kg/m?) 5,470 5,769
Acoustic deformation potential for I (eV) [133] 5 -6
Acoustic deformation potential for L (eV) [133] 11 -2.14
Optical phonon energy (meV) [133] 37

Optical deformation potential (eV/cm) [133] 5.5x10%

Ua [133] 0.788

€ (€0) 16 24

mr (mo) [2] 0.0104x2-0.1308x+0.0416

longitudinal mr (mo) [2]
transverse mr (mo) [2]

-0.1770x%+0.2759x+1.6742
0.0266 x2-0.0447x+0.0914
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< 0.22. Except the bandgap energy and the electron effective mass for I' and L valleys,
other parameters are calculated by a linear interpolation between Ge and a-Sn, (Table 1
[133]). For some parameters without available data for a-Sn, such as those related to
phonon scatterings, the parameter values of Ge were used.

For bandgap energies, the strain effect is also considered in this work. The bandgap
energy of strained GeixSnx on the GeiySny relaxed buffer (s- Gei.xSny/r-GeiySny) is
given by the functions of x and y [19]. For the parameters of the effective mass, they are
calculated by quadratic equations of Sn fraction x [2], instead of using a linear
interpolation in [133] . The quadratic equations for the effective masses (mr, mr1, mry)

are also listed in Table 1. The strain effect on the effective masses is ignored here.

6.4.4 Calculation of Electron Mobility in GeSn

Figure 6-14 (a) and (b) shows mobility of relaxed Geo.ssSno.12 (EL-Er=52 meV) with
the doping density (Ni=n) of 10!7 cm™ against temperature for L-valley and G-valley,
respectively. For the transport of L-electrons (Figure 6-14 (a)), the acoustic (black) and
alloy (orange) scattering dominates the mobility (blue) at a high-temperature range and
become less effective with a decreasing temperature. The impurity scattering (purple)
become stronger at lower temperatures and dominates the L-mobility below 75 K. While
for the transport of I'-electrons, due to their smaller effective mass, the acoustic and alloy
scattering are much weaker than that of the L-electrons. The impurity scattering, which
is less dependent on the effective mass (Eq. 6-15), dominates the I'-mobility (light blue)
at all temperatures. The effective GeSn mobility depends on the electron population,
where the I'-population is only 10 % at 300 K and becomes 100 % at a low temperature.
Thus, the effective mobility is dominated by the L-mobility at 300 K and by I'-mobility

below 50 K. At higher temperatures, the effective mobility calculated by the bilayer model
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Figure 6-14  Calculated mobility in relaxed Geo.ssSno.12 with a doping density of 10"
cm™ vs. temperature.
(magenta) is higher than that by the linear interpolation (red), since the weighted
parameter by the bilayer model is the conductivity (npur) rather than the carrier density
(nr). It is noted that the temperature dependence of effective mobility is much affected
by the electron population instead of individual scattering mechanisms for GeSn near a
bandgap crossover.

Second, to investigate the effects of the doping density on the GeSn mobility, Figure
6-15 shows the L-, I'-, and effective mobility versus the doping density in relaxed
Geo.88Sno.12 at 150 K. The impurity mobility (purple) decreases with the density, while the

impurity scattering becomes dominant for the L-mobility only as the doping density is
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Figure 6-15  Calculated mobility of L-, I'-, and effective mobility versus doping density

in relaxed Geo.ssSno.12 and at 150 K.
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over 10" cm™. On the other hand, the impurity scattering dominates for the I'-mobility
with the doping densities of 10'° ~ 10! cm?. The effective GeSn mobility is dominated
by the I'-mobility for a low doping density regime and by L-mobility for a high doping
density regime.

The mobility versus the Sn fraction is shown in Figure 6-16 with a density of 107
cm™ in relaxed GeixSnyx at 150 K. The crossover of indirect-to-direct bandgap occurs at
a Sn fraction of 8.5 % [19]. The mobility contributed by alloy-scattering (orange)
decreases with the Sn fraction for both L- and I'-electrons. Alloy scattering only
influences the L-mobility, since the ['-mobility is dominated by the impurity scattering. A
discontinuous point (purple arrow) seems to be observed in ['-mobility since the Femi
level penetrates into the I' valley after the indirect-to-direct crossover occurs, then the
effective mass will be affected by the nonparabolicity and a further adjustment in the
impurity scattering formula is needed. Before the crossover occurs ([Sn] < 8%), the
effective mobility is dominated by the L-mobility and slightly decreases with higher Sn
fraction due to the alloy scattering. After the crossover occurs ([Sn] > 8%), the effective
mobility increases rapidly with the Sn fraction due to the increasing I'-population. For a

high-Sn regime ([Sn] > 15%), the effective mobility is determined by I'-mobility and
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Figure 6-16  Calculated mobility versus Sn fraction in relaxed GeSn with a doping

density of 10'7 cm™ at 150 K.
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follows the trend of I'-mobility.

Last, the mobility in the active GeSn layers under different strain conditions is
calculated (Figure 6-17). To avoid the invalidity of the transport equation at T ~ 0 K, the
simulated temperature is taken as 77 K. Figure 6-17(a) shows the calculated mobility in
compressive-strained Ge1xSnx on Ge VS with different doping densities. The mobility
decreases with the Sn fraction due to the alloy scattering. For a higher doping
concentration, the mobility reduction by alloy scattering is less pronounced since the
impurity scattering becomes dominant (Figure 6-15(a)). Figure 6-17(b) shows the
calculated mobility in Geo.92Sno.0s on different relaxed buffers, where the Sn fraction in
the GeSn relaxed buffer is from 0 % to 15 %. The strain condition of the active Geo.92Sno 08
layer changes from compressive strain to tensile strain (Figure 6-13). The indirect-to-
direct transition boosts the overall mobility by 100 times in the doping density of 10'°
cm. The enhancement is limited at a higher doping density, where the enhancement
factor is less than 2 in doping density of 10!’ cm™. A similar phenomenon is also observed

in the experimental data in Figure 6-13.
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Figure 6-17  Effective electron mobility vs. Sn fraction in (a) compressive-strained Gei-

Snx on Ge VS and (b) strained Geo.92Sno.0s on different Gei.xSny relaxed buffers.
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Chapter 7 Conclusion and Future Work

7.1 Conclusion

High-quality GeSn epitaxial films on Si substrates were grown by CVD and
characterized for their optical, tunneling, and electrical properties. First, the epitaxy
technology was developed for a wide range of Sn fraction and different strain conditions
in GeSn films. GeSn with a high Sn fraction is systematically investigated for direct-
bandgap applications. Low-temperature CVD (< 400 °C) is adopted to deposit high-
quality GeSn films with the help of a Ge VS on a Si wafer. Reducing the growth
temperature can further increase the Sn incorporation. For the compressive-strained GeSn
on Ge VS, a GeSn film with a Sn fraction up to 18 % was pseudomorphically grown with
a large strain of -2.4 %. Growing GeSn films with a higher Sn fraction is limited by large
compressive strains and the Sn precipitation. A GeSn relaxed buffer is used to reduce the
strain in GeSn active layers and to avoid high TDD due to the strain relaxation. Using a
GeSn relaxed buffer, a high Sn fraction of 24 % is achieved in a compressive-strained
GeSn film.

PL spectra show the bandgap characteristics in GeSn films. At room temperature,
the direct-bandgap energy of GeSn monotonically decreases with the Sn fraction. The
smallest bandgap of 0.295 eV is demonstrated in compressive-strained Geo.76S5n0.24,
corresponding to a wavelength of 4.2 um in the MWIR. At cryogenic temperatures, the

PL spectra of GeSn with a low Sn fraction (= 8 %), the emission peak from the lower-

energy L valley dominants, which suggests those GeSn films are still indirect-bandgap
materials. Via the strain relaxation or increasing the Sn fraction in GeSn, the L-valley
emission becomes weaker due to the small energy difference (Er-Er), which suggests the

indirect-to-direct bandgap transition occurs at a Sn fraction of ~ 8 %.
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High-performance GeSn Esaki diodes under different strain conditions are
demonstrated with clear NDR and high PVCR’s. At room temperature, a very high PVCR
of 15 is achieved in a strain-relaxed Geo.925Sn0.075 Esaki diode. An extremely high PVCR
of 219 is also achieved at 4 K, the highest reported among all Esaki diodes. The tunneling
current is significantly increased by applying tensile stresses on the Geo.925Sno.075 films.
Record-high peak current densities of 325 and 545 kA/cm? are demonstrated in the
tensile-strained Geo.925Sn0.075 diodes at RT and 4 K, respectively. The temperature-
dependence of the peak current density suggests that more I'-electrons participate in the
BTBT process by applying tensile stresses. The phonon-assisted tunneling spectra in Ge
and GeSn Esaki diodes also suggest the tensile-strained Geo.925Sno.075 film has a direct
bandgap.

Last, electron mobilities in GeSn are characterized by low-temperature Hall
measurements. The highest Hall mobility is 9,500 cm?/Vs at 75 K in Geos2Sno.is. With a
similar doping density, the electron mobility at 4 K decreases with the Sn fraction ([Sn]
< 8%) due to the dominant alloy scattering effects on the L-electron mobility. For the Sn
fraction higher than 8 %, the mobility increases significantly with the Sn fraction or by
strain relaxation or applying tensile stresses, which suggests more I'-electrons with a
much smaller effective mass contribute to the carrier transport. The theoretical calculation
on the electron mobility in GeSn is also presented by the consideration of various
scattering mechanisms and the electron population in I" and L valleys. The calculation
results support the experimental results and suggest the effective electron mobility in

GeSn can be greatly enhanced by engineering the bandgap characteristics.
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7.2  Future Work

Some aspects of considerable interest about the topics in this dissertation are given
as follows:
(i) GeSn epitaxy by CVD

In Chapter 2, the highest Sn fraction of 24 % is achieved in compressive strained
Geo.76Sn0.24 on a relaxed GeossSno.12 buffer with the corresponding MWIR emission at
4.2 um in Chapter 3. The strain relaxation of Geo.76Sno24 or further increasing the Sn
fraction over 30 % is considered to reach the LWIR band. Based on our CVD results, the
GeSn growth under a further low temperature (< 280 °C) seem to have some limits due
to serious Sn precipitation for a higher Sn fraction. The GeSn relaxed buffer with higher

relaxation rate might help to further increase the Sn fraction in the active GeSn layer.

(i)  GeSn tunneling devices

The outstanding performance of GeSn Esaki diodes motivates the high drive current
in GeSn TFETs. There is no report on any Si-based TFET with a high drive current as
high as 100 pA/pm and a sharp sub-threshold slope of < 60 mV/decade at the same time.
Our results on strain-relaxed and tensile-strained Geo.925Sno.075 Esaki diodes suggest that
the boosted BTBT current and high PVCR is achieved at the same time due to the high-
quality GeSn films. Future work on GeSn TFETs is expected with high potential, even

without the request of higher Sn fraction.

(ili)  GeSn carrier transport

The electron mobility enhancement due to direct-bandgap transition is presented in
Chapter 6. However, due to the limit from our epitaxial structure, the electron mobility
can only be studied at a rather high doping level ~ 5x10'7 ¢cm™ and at low temperatures.
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Based on the prediction by the simulation results [133], the electron mobility is expected
to be much higher (more than one order) with a lower doping level. Further work is

required to investigate the limiting mechanisms on the electron mobility in the future.
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Appendix A

Parameters for NL-EPM Simulation
Parameter Symbol Unit Ge Sn
Form factors! V3 Ry -0.2378 -0.21
Vs Ry 0.02852 0.02359
Vi Ry 0.0469 0.01737
s-well radius! Ro A 0.0 1.0
d-well radius' R A 1.2788 1.453
s-well depth! oo Ry 0.0 0.0
d-well depth! 05 Ry 0.309 0.71
s-well energy dependence! Bo 1 0.0 0.365
Spin-orbit parameters! LLLS Ry 0.00093 0.00225
(s 1/Bohr radius 5.34 3.97
Lattice constant a0 A 5.65 6.489
Elastic constants® cii 10" Pa 1.287 0.690
c12 10" Pa 0.477 0.293
Ca44 10" Pa 0.667 0.362
Internal displacement parameter? d 1 0.440 0.548
Table I
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