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Abstract

Group IV GeSn quantum material finds application in electronics and silicon-compatible
photonics. Synthesizing these materials with low defect density and high carrier lifetime is
a potential challenge due to lattice mismatch induced defects and tin segregation at higher
growth temperature. Recent advancements in the growth of these GeSn materials on Si, Ge,
GaAs, and with substrate orientations, demonstrated different properties using epitaxial and
chemical deposition methods. This article addresses the effect of GaAs substrate orientation
and misorientation on the materials' properties and carrier lifetimes in epitaxial Geo.94Sno.06
layers. With starting GaAs substrates of (100)/2°, (100)/6°, (110) and (111)A orientations,
Geo.043n0.06 epitaxial layers were grown with an intermediate Ge buffer layer by molecular
beam epitaxy and analyzed by several analytical tools. X-ray analysis displayed good
crystalline quality, and Raman spectroscopy measurements showed blue shifts in phonon
wavenumber due to biaxial compressive strain in Geoo4Snoos epilayers. Cross-sectional
transmission electron microscopy analysis confirmed the defect-free heterointerface of
Geo.04Sno.06/Ge/GaAs heterostructure. Minority carrier lifetimes of the unintentionally
doped n-type Geo.94Sno.06 epilayers displayed photoconductive carrier lifetimes of > 400 ns
on (100)/6°, 319 ns on (100)/2°, and 434 ns on (110) GaAs substrate at 1500 nm excitation
wavelength. On the other hand, Geo.94Sno.os layer showed poor carrier lifetime on (111)A
GaAs substrate. The observed differences in carrier lifetimes were correlated with the
formation energy of the Ge on (100)/6° and (100)/2° GaAs heterointerface using Stillinger-
Weber interatomic potential model-based atomistic simulation with different
heterointerfacial bonding by Synopsys QuantumATK tool. Total energy computation of
6280-atom Ge/GaAs supercell on (100)/6° leads to lower formation energy than (100)/2°,
making it more thermodynamically stable. Hence, the growth of the GeSn/III-V material
system using misoriented (100) substrates that are more thermodynamically stable will
enhance the performances of optoelectronic devices.

1. Introduction

Group IV based semiconductors are widely used for methods were developed to produce high Sn

silicon-compatible photonics and recently pushed for
long wavelength photodetector applications.!™ Among
these semiconductors, germanium-tin (GeSn) material
with tunable Sn composition is at the forefront to achieve
high-performance detectors and lasers. Several growth
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compositional Gei.,Sny materials.*® 1% 121415 However,
device quality Ge.,Sny materials on silicon (Si) with low
defect density and high carrier lifetime are in their
infancy. Researchers are looking for an alternative
approach to produce GeSn materials with high carrier
lifetimes: either lattice matched to underlying substrate
or buffer layer '8 or compressively strained GeSn
layers.” % ¥ Among these approaches, substrate
orientation and misorientation mediated GeSn materials
with high carrier lifetime and low defect density have
never been demonstrated. There are variations in the
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Fig. 1: Cross-sectional schematics of Geo.94Sno.06/Ge/GaAs
heterostructures with differently orientated and misoriented semi-
insulating (S.I.) GaAs substrates, analyzed in this work: Al (A2) —
100 (50) nm thick epitaxial Geo.04Sno.os layer grown on 27 (38) nm
Ge buffer with (100)/2° orientation; B1 (B2) — 100 (50) nm thick
epitaxial Geo.94Sno.os layer grown on 27 (50) nm Ge buffer with
(100)/6° orientation; C and D — 100 nm thick Geo.94Sno.os grown on
27 nm Ge buffer with (110) and (111)A orientations, respectively.
The Geo.94Sno.06 epilayers are ~ 0.81 % compressively strained.

semiconductor properties like carrier lifetime (T),
mobility (), conductivity, surface state density (Nss), and
density of interface states (Dj), based on crystal
orientation.'®? For instance, it is noted that among (100),
(110), and (111) crystal orientations, the (110) surface is
least conductive in Si, Ge, and GaAs wafers, and N is
least for (100) surfaces in Ge and Si.' 2! In addition, the
epitaxial Ge layers when grown on oriented and
misoriented GaAs substrates exhibit different materials
properties**2¢ and metal-oxide-semiconductor capacitor
properties.?” 2 For instance, carrier lifetime can affect
optoelectronic device performances such as internal
quantum efficiency, responsivity, and heterojunction
leakage in a photodetector, > 17 and internal/external
quantum efficiency, optical gain, and material loss in a
laser. % In addition, high carrier lifetime signifies low
leakage current due to Dy and N in a transistor.2 2327
Moreover, the current Si non-planar devices like fin field
effect transistors (FinFETs), gate-all-around FETs, and
nanosheet FETs utilize (100) and (110) orientations.?*-¢
Furthermore, substrate misorientations (100)/2° towards
<110> direction have an impact on these properties,’
which becomes crucial in heterostructure material
systems.
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In this work, the substrate orientation mediated
epitaxial GeSn layers were grown on GaAs substrates
with (100)/2°, (100)/6°, (110) and (111)A orientations
using interconnected solid source molecular beam
epitaxy (MBE). An intermediate Ge buffer layer was
grown in between GeSn and GaAs substrate. The main
objective is to improve the carrier lifetime in GeSn
materials and its relationship with orientation and
misorientation of the starting GaAs substrates. Epitaxial
GeSn materials were characterized by several analytical
tools such as x-ray analysis for composition and materials
quality, cross-sectional transmission electron microscopy
(TEM) for defect microstructure and heterointerface of
GeSn/Ge/GaAs, Raman spectroscopy for GeSn
vibrational  properties, and microwave-reflection
photoconductive decay (u-PCD) technique for carrier
lifetime. In addition to these measurements, carrier
lifetimes were extracted as a function of orientation and
misorientation with two different excitation wavelengths:
1500 nm and 1800 nm. To relate these excitation
wavelengths, density functional theory (DFT)
calculations were performed wusing Synopsys
QuantumATK tool, determining the energy band gaps
from the electronic band structure of GeSn-based
heterostructures studied here. Minority carrier lifetimes
of the unintentionally doped n-type Geo.aSno.os epilayers
displayed carrier lifetimes of > 400 ns on (100)/6°, 319
ns on (100)/2°, and 434 ns on (110) GaAs substrate at
1500 nm excitation wavelength. The observed
differences in carrier lifetimes with misorientation were
correlated with the formation energy of the Ge on
(100)/6° and (100)/2° GaAs substrates using Stillinger-
Weber interatomic potential model-based atomistic
simulation with different heterointerfacial bonding by
Synopsys QuantumATK tool.** 4! Total energy
computation of 6280-atom Ge/GaAs supercell on
(100)/6° leads to lower formation energy than (100)2°,
making it more thermodynamically stable and hence
higher carrier lifetime. The heterointerface atomic
bonding and its formation energy will open an
opportunity to implement on other semiconductors
substrate orientation mediated material systems.

2. Experimental

(A) Material Synthesis

Heteroepitaxial Geoo4Snoos/Ge layers were grown
over (100)/2°, (100)/6°, (110), and (111)A semi-
insulating GaAs substrates using a dual chamber vacuum
interconnected solid source MBE system. The substrate
offcut (i.e., misorientation) degrees noted here are
towards the [110] direction, and (111)A denotes Ga-
terminated substrate. Note that there were no
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Table I: Geo04Snoos/Ge/GaAs heterostructure material
systems with different orientation.

Thickness (nm)
GaAs Geo.94Sno.o6 / Geo.94S10.06
Sample Growth Temp.
substrate Ge/ )
GaAs
Al (100)/2°
= 100/ 50 nm | 185
s Taoms] 5y
500
D (11DA 50 nm | 150
50/ 25nm | 190
A2 (100)/2° 38/
250 25 nm 195
50/
B2 (100)/6° 50/ 225
250

misorientation angles associated with the (110) and
(111)A GaAs substrates. Group IV and III-V growth
chambers are interconnected but isolated via an ultra-
high-vacuum transfer chamber to prevent mutual
interdiffusion originating from either of the chambers as
well as prevent oxidation of the III-V surface prior to
either Ge or GeSn layer growth. Fig. 1 presents the
schematic of each Geo.o4Sno.0s/Ge/GaAs heterostructure
material system analyzed in this work, beginning with:
(i) sample Al (A2) — 100 (50) nm thick epitaxial
Geo.04Sng.0s grown on 27 (38) nm Ge buffer on (100)/2°
GaAs substrate; (ii) sample B1 (B2) — 100 (50) nm thick
epitaxial Geo.94Sno.0s grown on 27 (50) nm Ge buffer on
(100)/6° GaAs substrate; (ii1) samples C and D —each has
100 nm thick epitaxial GegsSno.os grown on 27 nm Ge
buffer on (110) and (111)A GaAs substrates,
respectively. The epitaxial GeoosSnoos layers are
pseudomorphic with ~0.81% compressive strain and an
unintentional doping of n-#ype with donor concentration
~10" ¢m determined via Hall effect measurement using
the van der Pauw method.

GaAs substrates oxide desorption was performed in
the temperature range of 750°C to 765°C with arsenic
overpressure of ~107 torr, and reflection high energy
electron diffraction (RHEED) system was used to
monitor the surface reconstruction during oxide
desorption as well as GaAs layer growth. The
temperature referred to here is the thermocouple
temperature. Arsenic (As,) overpressure of ~107 torr was
maintained during the oxide desorption to compensate
volatile escape of arsenic from the surface of the GaAs
substrate. While samples A2-(100)/2° and B2-(100)/6°
were grown separately on a 3-inch substrate, to have a
leveling point of comparison: samples A1-(100)/2°, B1-
(100)/6°, C-(110) and D-(111)A were mounted together
on a molybdenum plate with indium. The lower oxide
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desorption temperature (750°C) was set for samples
grown on epi-ready 3-inch GaAs wafers (A2 and B2)
than other samples (Al, Bl, C, D) under As;
overpressure. During this process, surface reconstruction
of (2x4) was monitored using RHEED, and the substrate
temperature was decreased to ~650°C for undoped
homoepitaxial GaAs layer growth. The growth rate of
0.50 pm/hr and As,/Ga flux ratio of ~32 was maintained
during growth for all the samples studied here. Streaky
(2x4) surface reconstruction was observed from the
surface of (100)GaAs after the homoepitaxial growth of
GaAs. After the growth, each sample was cooled down
to 300°C under arsenic overpressure and then further
cooled down below 150°C prior to transfer to the group
IV chamber via vacuum interconnected transfer chamber
under ultra-high vacuum of ~ 4x107'° torr for Ge and
Geo.94Sn9.06 layer growth.

The 400 gm SUMO® Ge effusion cell and standard
tin effusion cell were used for the Ge and GeSn layer
growth. The growth rate of Ge thin film was calibrated to
be ~ 0.1 A/sec. Samples A1-(100)/2°, B1-(100)/6°, C-
(110) and D-(111)A were grown at the substrate
temperature of 150°C for the 27 nm Ge layer. The 100
nm Geo.04Sng .6 layer for samples Al, B1, C and D was
grown at two-step growth temperature (50 nm at 150°C
and 50 nm at 185°C), as shown in Table 1. Whereas for
sample A2-(100)/2° it was maintained at 195°C during
the growth of 38 nm Ge and bottom 25 nm Geg.94Sno s,
and 190°C for the topmost 25 nm Geg.94Snoos layer. For
sample B2-(100)/6°, a constant temperature of 225°C
was maintained for both 50 nm Ge and 50 nm GeSn
epilayers. After GeSn layer growth, each sample was
cooled down below 50°C at a ramp rate of ~ 5°C/min to
avoid thermal cracking due to differences in thermal
expansion coefficient mismatch of different materials
used in the layer stack.

(B) Material Analysis

X-ray analysis was performed on selected samples to
determine the Sn and strain composition as well as the
overall structural quality of the layer using PANalytical
X’Pert Pro x-ray unit equipped with pixel and
proportional detector. Vibrational properties of the
materials were studied using Raman spectroscopy at
room temperature. The measurements were carried out in
the backscattering geometry utilizing the JY Horiba
LabRam HR800-instrument setup. This system uses an
Ar" (514.48 nm) laser that operates with ~65 mW output
power at the source, and the laser power that irradiates
the sample surface was ~7 mW. A 100x objective lens
was used to focus the laser on each sample surface, and
the size of the diffraction grating to detect the scattered
light was 1800 g/mm (grooves per millimeter). A
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standard silicon sample was used to calibrate the
instrument prior to measuring the intended GeSn
samples: the Si—Si LO (longitudinal optical) phonon peak
was found at wosi = 520.67 cm™' #? at a spectral shift
resolution of 0.003 cm™'. This inelastic Stokes scattering
phenomenon was recorded by collecting the data for 10
seconds each time and then averaged over 3 iterations. To
precisely assign the peaks to the respective LO phonons,
the spectra of all samples were normalized from 0 to 1
and fitted mathematically to the Lorentzian distribution
function to avoid artifacts. A bulk Ge substrate (n-type,
dopant concentration of ~2 x 10'7 ¢cm™) was measured
and the Ge—Ge LO phonon peak of wo,ge =300.25 £0.005
cm ! was used as a standard. Deviation of the LO phonon
peak with respect to this position is determined as the
strain state (compressive or tensile) of the layer.*» #
Strain-induced Raman wavenumber shifts due to the
phononic deformation potentials were determined by
taking the lattice matched GeoosSnoos sample as a
reference,!” that was synthesized in the same MBE
system as the other associated strained Geo.94Sno.o6
samples (A1, B2, and C), studied in the this work. Cross-
sectional transmission electron microscopy analysis was
performed on sample A2, as a representative material
quality characterization, using the Thermo Scientific
Themis 300 G3 instrument having an accelerating
voltage of 300 kV and a point resolution of 0.2 nm. For
TEM sample preparation, we coated the top layer with
metal to get high contrast during TEM imaging.
Minority carrier lifetimes of each Geo.94Sngos
epitaxial layer were measured using u-PCD technique at
the laser excitation wavelength of 1500 nm (Epnoton =~ 0.83
eV) and 1800 nm (Ephoton = 0.69 €V), which excites the
electrons from the valence band to both L— and /—valleys
of the conduction band in the compressively strained
Geo94Snoos epitaxial layers (Ef = 0.59 eV, Ej = 0.66 eV
7). The u-PCD measurement was carried out at the
National Renewable Energy Laboratory (NREL).
Wherein, the top of each sample surface was irradiated
by a laser source with 10 pulses/sec (pulse width = 5 ns)
at 1.8 mW to 18 mW for 1500 nm and 10 mW for 1800
nm excitation wavelengths. The measurement setup is
such that a sample is placed beneath a rectangular
waveguide (WR-42, dimension: ~ 4.3 mm x 10.7 mm)
that guides a 20 GHz microwave signal to reflect from
the sample surface while it is irradiated by the laser
source from the top. Allowing 3 ns for the generated
carriers to diffuse away from the sample surface after this
laser excitation, the intensity of the guided microwave
reflected signal from the sample surface was recorded to
monitor its decay as p-PCD signal. This is correlated to
the excess carrier density that maps the
photoconductivity changes in the sample. Through this p-
PCD technique, minority carrier lifetimes of the
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Geo.04Sn9,06 epitaxial layers were extracted using a single
exponential decay curve-fit function. The effective
minority carrier lifetime referred to here is obtained after
the initial surface recombination related decay, also
called the short lifetime component region; details of the
extraction technique are explained elsewhere.*
Atomistic simulation using Synopsys QuantumATK
tool*! was performed to elucidate the differences in
minority carrier lifetime of epitaxial GeoosSnoos layers
grown on (100) GaAs substrate misoriented by 2° and 6°
towards [110] crystal direction. Where (100)/2° and
(100)/6° oriented crystal planes were obtained using the
surface cleave tool in this simulation: (28 1 0) plane
makes an angle of ~2° with (1 0 0) towards [1 1 0]
direction, and (9 1 0) plane makes an angle of ~6° with
(1 0 0) towards [1 1 0] direction. Further, an interface
builder applies the coincidence site lattice (CSL)
method*® to form a matched interface supercell*’ with a
minimum strain of 0.044% between the Ge and the GaAs
surfaces of the respective orientations. In the structures
studied here, Ge was used to form the interface with
GaAs, and Geo.94Sng.o6 layer was grown on top of the Ge
layer. By the CSL method, (100)/2° surface needed 3140-
atoms to form a unit surface cell, whereas (100)/6°
surface needed only 164-atoms. It is important to note
that in the case of metals, polycrystals, and oxide
materials, the minimal dimension of the unit surface cell,
known as grain boundary in these materials, is self-
sufficient to decide the thermodynamic stability of the
respective orientations.® However, in the case of
semiconductors, this conclusion based on the CSL
method is not self-sufficient since the thermodynamic
stability also depends on the nature of the bonding
environment at the heterointerface of two
semiconductors. In the present work, the homoepitaxial
growth of the GaAs layer on either of the substrates is
such that, both the I1I-V surfaces have As-termination. In
the present work, three heterointerfacial bonding
environments were selected for atomistic computation
covering two aspects: interfacial charge and atomic
interdiffusion at the heterointerface. Moreover, the size
of the heterointerfacial supercell on which the total
energy computation is carried out using ATK-ForceField
calculator,® is fixed at 6280-atoms. This is the minimum
size of the supercell resulting from the Ge-GaAs(100)/2°
heterointerface. For the Ge-GaAs(100)/6° heterointerface
supercell, the 328-atom unit supercell is repeated keeping
the thickness of the cell the same as (100)/2° case to have
a fair comparison with the 6280-atoms supercell. This
assumption enables us to compute the total energy and
deduce the formation energy of the material system under
thermodynamical stability at each interface.
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3. Results and Discussion

(A) Structural and compositional
analysis of epitaxial GeSn

Structural quality and pseudomorphic nature of the
epitaxial Geo4Sno g6 layers in samples Al {(100)/2°}, B1
{(100)/6°}, and C {(110)} were characterized using high-
resolution x-ray diffraction (HR-XRD) analysis.
Characterization of sample D with (111)A crystal
orientation was not performed as it has a low carrier
lifetime (discussed below). Reciprocal space maps
(RSMs) of each Geoo4Sno.os/Ge/GaAs heterostructure
material system are shown in Figs. 2 to 4 (samples Al,
B1, and C). This was recorded using PANalytical X-pert
Pro system equipped with PIXcel and proportional
detectors. The reciprocal lattice point (RLP) of each layer
is shown in these figures. Q,-separation between the RLP
contours of Geg.04Sno 06, Ge, and (100)/2° GaAs substrate,
shown in symmetric (004) RSM of Fig. 2(a), confirms
different out-of-plane lattice constants of each layer,
whereas their Q alignment shows that they have same
in-plane lattice constants. Geo.04Sng.0s RLP contour in the
bottom part of the figure depicts a larger separation
between the (004) planes than in the Ge epilayer. Despite
epitaxial Ge being a thinner layer than Geo94Snoos, Ge
RLP contours have higher intensity due to its lattice
parameters matching closely to the GaAs substrate with
cubic crystal structure, whereas GeoosSnoos layer is
compressively strained with tetragonal crystal structure.
The alignment of Q, along the same line in both (004)
and (115) {see Fig. 2(b)} RSMs shows that the
Geo.04Sng 06 epitaxial layer is compressively strained on
Ge layer and GaAs substrate, representing its
pseudomorphic nature. The narrow RSMs confirm the
good crystalline quality of the epitaxial layer.'® Similar
observations can be noted for the 100 nm thick
pseudomorphic GeoosSno.os epitaxial layer grown on 27
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Fig. 2: Reciprocal space maps (RSMs) taken along the (a) (004) and
(b) (115) orientations, that shows ~ 0.81% compressive strain in the
100 nm thick Geo.9aSno.os epitaxial layer (sample Al) grown on 27
nm Ge/(100)/2° GaAs substrate.
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Fig. 3: Reciprocal space maps (RSMs) taken along the (a) (004) and
(b) (115) orientations, that shows ~ 0.81% compressive strain in the
100 nm thick Geo.94Sno.os epitaxial layer (sample B1) grown on 27
nm Ge layer/(100)/6° GaAs substrate.

nm Ge layer on a (100)/6° GaAs substrate, as shown in
Fig. 3. It is also observed that the Ge94Snoos RLPs in
both the (100)/2° and (100)/6° samples are symmetric, a
quality exhibiting crystalline nature. However, note that
the diffraction intensity of the GeoosSnogs RLP in
(100)/2° is higher than (100)/6°. This does not hold a
relation with regards to the quality of the epitaxial layers
in comparison to samples Al and B1. It is reported that
the (004) RSM has a higher intensity for the less
misoriented substrates, especially for GaAs® by
experiment and simulation. Our results reported here are
conclusive evidence of GeSn sample with higher
intensity on (100)/2° than (100)/6° orientation. Thus,
there is no correlation between the relative intensity of
the RSMs with substrate misorientation. Similar
conclusions can be drawn from the RSM of sample C,
shown in Fig. 4, where 100 nm Geo 94Sng.0s was grown on
27 nm Ge over (110) GaAs substrate. Note that the in-
plane strain is in the (110) plane (not the (004) plane),
leading to no strain calculation from the x-ray analysis.
To further analyze the material quality of these epitaxial
Geo.94Sn0.06 layers, carrier lifetimes were measured using
p-PCD technique.
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Fig. 4: Reciprocal space maps (RSMs) taken along the (a) (004) and
(b) (115) orientations show 100 nm thick Geo.94Sno.os epitaxial layer
(sample C) grown on 27 nm Ge layer/(110) GaAs substrate.
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(B) Heterostructure analysis via TEM

Cross-sectional TEM measurement and analysis of a
representative Geo.04Sn9.06/Ge/GaAs(100)/2°
heterostructure sample A2 (similar to samples A1-D),
was performed. Fig. 5 (a) displays a low-resolution TEM
micrograph showing a 50 nm epitaxial Geo94Snoos on a
38 nm thick Ge grown over a (100)/2° GaAs substrate.
Note that the dashed lines demarcating the Ge and
Geo.04Sn9.06 epilayers guide to a very subtle difference in
shades of these layers since Ge and Geo94Snoos have
similar structure factors and atomic scattering
amplitudes. Fig. 5 (b) depicts a higher resolution TEM
micrograph that implicitly confirms smooth, abrupt
heterointerface and good crystalline homogeneity. No
visible defects or dislocations are observed in this
pseudomorphic heterostructure material system due to
the in-plane compressive strain within the Geo.4Sno.os
epilayer. Hence, the superior structural quality, as evident
by both x-ray and TEM analyses, will corroborate the
high minority carrier lifetimes of these epitaxial
Geo.04Sn9.0s materials.

(b)

20:nm

Fig. 5: Cross-sectional TEM micrographs of sample A2: (a)
Geo.94Sn0.06/Ge/(100)/2° GaAs heterostructure representing good
quality growth of 50 nm Geo.94Sn0.06 grown over 38 nm thick Ge layer
grown on GaAs, where broken lines demarcate similar structure
factored Ge and Geo.94Sno.o6 epilayers, and (b) HR-TEM micrograph
affirms the fine quality of the GeSn/Ge heterostructure system.
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(C) Raman spectroscopic analysis of
epitaxial GeSn

Raman spectroscopy has been widely used by
semiconductor industries as well as researchers to
analyze the structural and vibrational properties of
semiconductor materials for electronic and photonic
device applications.**** 5! When a cubic semiconductor
undergoes compressive (tensile) strain due to the
underlying stressors, there is invariably a positive
(negative) shift observed in the Raman frequencies that
denotes the change in vibrational properties (phononic
oscillations) of the material under study. This Raman
wavenumber shift, Aw together with the material
parameter, b, accounts for phononic deformation
potential values, and compliance tensor elements that
lead to stress-dependent tetragonal distortion in a cubic
semiconductor. Unstrained GeSn crystal Raman
wavenumber () is used to calculate the in-plane biaxial
strain (g)) in a crystal lattice using the relation Aw=-5"
g cm 1.4 4 Wherein, a widely accepted standard value
of b for GeSn material is not available owing to multiple
factors elaborated previously that requires decoupling the
strain and composition related components.** One way to
address this b value for GeSn has been demonstrated
previously by Lin et al.* for 4.7+ 0.4 % Sn composition,
giving b = =563 + 34 ¢cm!. In that study, GeSn was
grown with varying strains at a fixed Sn composition
using different underlying buffer layers, that helped
decoupling the composition component involved in the
Raman shifts.

In the present work, the amount of compressive strain
in epitaxial Geo.4Sngos layer of sample Al is calculated

using the b value of a lattice matched
Geo.04Sng 06/INng.12Al0.33As/GaAs(100)/2°  heterostructure
| A = 514.48 nm
=}
E, s 310
T >
£ 3
28
C
= Il n-Ge Bulk
B LM Geg 64Sng,o6 [17]
Geg 04SNy 06/Ge/GaAs:
~ W (100)/2°, W (1|00)/6°, 7 (110)
295 300 305

Wavenumber (cm™1)
Fig. 6: Raman spectra recorded from epitaxial Geo.9aSno.os layers of
samples Al, B2 and C (compressively strained heterostructures),
selectively chosen with different orientations alongside a lattice
matched Geo.0aSno.os epilayer.!” Positive Raman wavenumber shifts
(representing compressively strained states) are observed on all three
samples Al: (100)/2°, B2: (100)/6°, and C: (110).
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system, previously demonstrated,!” that has an unstrained
crystal lattice of 350 nm Geo.94Sno.os layer in which the
measured LO phonon Raman wavenumber was
determined as, wo = 297.05 + 0.03 cm™'. The lattice
matched Geo.94Sng o6 sample referred to above is the same
substrate orientation of sample Al (compressive),
enabling us to calculate the biaxial compressive strain.
The Raman wavenumber from sample Al was
determined to be wa1 =299.71 £ 0.026 cm ™! as shown in
Fig. 6, giving Awar = 2.66 cm™'. Using bgeo.ousno.06 =
314.81 = 14 cm™! from ref. 17, the in-plane biaxial
compressive strain is calculated to be ~ 0.84 + 0.03 %,
which is in agreement with the strain value of ~ 0.81%
from x-ray analysis above (Fig. 2). In addition, a new b
parameter is required for each orientated sample for
calculating strain via Raman measurement. Furthermore,
strain-induced  phononic  oscillations in  (100)
backscattering geometry split into a singlet LO mode and
a doublet transverse optical (TO) mode.™ The Raman
shifts on LO mode due to the applied stress from the
underlying layer is twice that observed on the TO peak
shifts.>® Thus, the strain calculations carried out in this
work using the reference sample with (100)/2°
orientation cannot be directly applied to the other
backscattering geometries like (110) {TO} or (111)
{both LO and TO} due to different phononic deformation
potential. The orientation dependent strain calculations
from Raman spectroscopy in a backscattering geometry
are outside the scope of this work due to lattice matched
GeSn standard needed for each orientation. Samples
A1{(100)/2°}, B2{(100)/6°} and C{(110)} Raman
wavenumbers were extracted from Fig. 6 as a1 =299.71
+ 0.026 cm™!, opy = 299.42 £+ 0.026 cm™!, and oc =
299.89 +0.036 cm™ !, respectively. The full width at half
maximum (FWHM) of n-fype bulk Ge was 3.26 cm™' and
for samples A1, B2, and C were 4.4 cm™', 4.31 cm™!, and
5.466 cm™!, respectively, and lower the value better the
quality of the sample. Comparing the FWHM of
Geo.94Sno 06 epitaxial layers grown on oriented GaAs
substrates, one can find that the Geo.04Sno.os layer grown
on a (100)/6° GaAs exhibits a lower value, which
signifies good quality material.

(D) Minority carrier lifetime by p-PCD
technique

Minority carrier lifetime of a semiconductor
continues to be a critical parameter in evaluating the
quality of a material. There are several techniques
available to determine the lifetime of a carrier, such as
time-resolved photoluminescence (TRPL), transient free
carrier  absorption  (TFCA), resonant  couple
photoconductive decay (RCPCD), u-PCD, etc.*> > Here,
the minority carrier lifetimes of epitaxial (unintentionally
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doped n-type) GeoosSnoos layers in samples Al to D
{except sample A2, presented in ref. 16 were evaluated
using pu-PCD technique at room temperature as a function
of excitation wavelengths and laser power, shown in
Figs. 8-10. At photon wavelengths of 1500 nm (Eyn =
0.83 eV) and 1800 nm (Emn = 0.69 eV), the
photogenerated carriers were excited to both L— and /-
valley conduction bands of epitaxial Geo.osSno s layers.
These excitation wavelengths excite the carriers to both
L— and [*valley conduction bands, as shown by
electronic band structure using DFT calculations over a
54-atom GeSn supercell configuration with 5.56% Sn in
Fig. 7. Generalized gradient approximation (GGA)
exchange-correlation functional PBE® and SGI15
pseudopotential® was used in a linear combination of
atomic orbitals (LCAO) basis sets approach with
Monkhorst-Pack 3x3x3  k-point grid. This DFT
computation method was calibrated with 54-atom Ge
giving direct and indirect band gaps of 0.802 eV and
0.673 eV, respectively. A compressive strain of ~0.8%
was applied using —1.12 GPa stress.! The fundamental
direct (Eg r) and indirect (E, 1) band gaps were
determined to be 0.645 eV and 0.628 eV, respectively, at
300 K, shown in Fig. 7. These values were in close
agreement with the band gaps of 0.8% compressively
strained Geo.04Sn9.06/Ge heterostructure reported in the
literature.” 57 Note that there are accuracy limitations in
the energy band gaps determined wusing DFT,
nevertheless 1500 nm and 1800 nm wavelengths will
excite carriers to L— and /=valley.

—~
> [ Bandstructure:
\Q_“, 54-atom GeSn supercell, 5.56% Sn
> 0.0 | 0.8% compressively strained
(@)}
—
Q
c HH
L
LH
—-0.5 |
1 L 1 L 1
r L

Fig.7: Electronic band structure of a 54-atom GeSn supercell with
5.56 % Sn, and 0.8% compressive strain. Computed using GGA.PBE
exchange-correlation and SG15 pseudopotential in  Synopsys
QuantumATK tool, the direct, Eg, r = 0.645 eV and indirect Eg, L =
0.628 eV band gap values at 300 K are accurate to the limitations of
the DFT method employed. Correlating to 1500 nm (Epnh = 0.83 V)
and 1800 nm (Epn = 0.69 eV) excitation wavelengths, the
photogenerated carriers are excited to the /- and L— valleys.

The photogenerated carriers undergo surface states
induced carrier recombination prior to their diffusion
(deeper) into the bulk-like epitaxial region of the sample.
This surface recombination is evident from the fast initial
decay below 50 ns (see Fig. 8). The higher energy
photons (here, 1500 nm) have stronger absorption, and
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Fig. 8: p-PCD signal versus time acquired at 300 K with 1500 nm

excitation wavelength from samples Al [(100)/2° Geo.94Sno.o6)],

Bl [(100)/6° Geo94Snoos) and C [(110) Geo.94Snoos)]. The

corresponding minority carrier lifetimes of ~ 319 ns, ~ 481 ns and ~

434 ns were obtained by fitting to exponential decay after the initial
surface recombination induced decay.

this photoexcitation leads to a different initial excess
carrier distribution where more carriers are generated
near the surface. This would lead to more surface
recombination and a decay curve more dominated by the
initial steep decay. The rate of diffusion towards the bulk
region is impacted by the excess carriers remaining after
the initial surface recombination, i.e., high surface
recombination is related to a high diffusion rate, which
gives rise to low minority carrier lifetimes. The minority
carrier lifetimes were extracted from the p-PCD versus

time decay curve by fitting the curve to the single
-t

exponential decay function V,,_pcp (t) = V5 etm, after
the initial surface recombination related fast decay
component, where 7, is the minority carrier lifetime and
V, is a constant related to the p-PCD signal’s peak
intensity. A carrier lifetime value extracted from deep
into the pu-PCD signal intensity represents the bulk carrier
lifetime, which is higher than an effective carrier lifetime
that takes into account the initial decay and diffusion
from the near-surface region of the sample.

The p-PCD lifetimes for the GeoosSnoos/Ge/GaAs
heterostructure samples: A1-(100)/2°, B1-(100)/6° and C
(110) were extracted to be 319 ns, 481 ns and 434 ns,
respectively, at 1500 nm excitation wavelength, as shown
in Fig. 8. The sample surfaces were irradiated by photon
fluence of ~1x10% photons/cm? per pulse, where the
associated photoconductivity was recorded 3 ns after 10
pulses per second (each 5 ns wide) were impinged on the
sample surface. The p-PCD signal from sample B1 shows
less surface recombination induced decay than of
samples Al and C, which leads to more photogenerated
carriers available to diffuse deep into sample B1. Thus,
with less rate of diffusion, more carriers are available for
conduction before they are lost by recombination and
hence high carrier lifetime is obtained from sample B1.
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Fig. 9: u-PCD measurement data acquired from (100)/6° Geo.94Sno.06
samples Bl and B2 at 300 K using: (a) 1500 nm excitation
wavelength with an order of difference in excitation power; (b) 1800
nm excitation wavelength, where sample Al is also shown. The
minority carrier lifetimes obtained for sample B1 (100 nm thick
epilayer was grown at 185/150 °C) is higher than sample B2 (50 nm
thick epilayer was grown at 225 °C) at both excitation wavelengths,
due to thickness and growth temperature.'® It is observed that for
sample Al (100)/2°, the signal is too noisy to extract the lifetime
further indicating that (100)/6° orientation offers better quality
growth of GeSn epitaxy.

The reason behind (100)/6° oriented sample exhibiting a
higher carrier lifetime than (100)/2° could be attributed to
the reduced charged interface. Whereas the surface of
(110) oriented GaAs is nonpolar and has dipoles arranged
in a direction parallel to the interface, leading to zero
electrostatic potential gradient along the growth
direction. This leads to better epitaxy due to
thermodynamic stability>*®" at the heterointerface of
GeSn/Ge/(100)6° GaAs and GeSn on (110)GaAs
substrates. As evident from the literature,®! even a 0.37°
offcut in the substrate gives rise to effective thermal
stability during an atom-by-atom growth by MBE.

To further verify the effect of misorientation in the
(100)/6° GeSn epitaxial layer on the minority carrier
lifetimes, the u-PCD experiment was carried out with two
fluences at 1500 nm excitation wavelength, and at a fixed
fluence at 1800 nm. The carrier lifetimes and related
parameters are summarized in Table II. Such an
experimental result further substantiates the positive

(b)
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effect of 6° offcut on the superior quality of the epitaxial
Geo.04Sn9.06. Samples B1 and B2 showed p-PCD lifetimes
of 406 ns and 416 ns at a fluence of ~1.8x10%
photons/cm? per pulse and 284 ns and 508 ns at a fluence
of ~1x107 photons/cm? per pulse, at 1500 nm wavelength
excitation, respectively, as shown in Fig. 9 (a). Whereas
the same samples have p-PCD lifetimes of 373 ns and
666 ns with 1800 nm excitation at a fluence of ~1x10%
photons/cm? per pulse, as shown in Fig. 9 (b). Sample B1
has a 100 nm Geo 94Sno o6 layer, whereas it is 50 nm in B2,
the thickness dependent lifetime increase is notable here.
This increase in lifetime affects both the thickness and
the growth temperature, as shown in Table I. However,
p-PCD signal from sample A1 {(100)/2°}, shown in Fig.
9 (b) for 1800 nm excitation has high surface
recombination (more than other samples) and the signal
was too noisy to extract lifetime. The fitting parameter
(R?), also known as the coefficient of determination, near
1 gives a mathematical fit with perfect closeness to a long
single exponential tail. Low excitation power gives rise

B C-(110), » = 1800 nm
B D-(111)A, » = 1800 nm
o D-(111)A, A = 1500 nm
S Geg.945Ng o5/ Ge/GaAs
© e P .
c AN WM
o
) . q §
S ‘ '-l'l I I' "l' i
[a W I .
: l
| ) | ) | ) |
100 200 300 400
Time (ns)

Fig. 10: u-PCD measurement data acquired with 1800 nm excitation
wavelength for samples C-(110) and D-(111)A. High surface
recombination induced noisy signals make the curve inconducive to
single exponential fit, with R? fitting parameter reaching only 0.41
with 1 as the perfect fit. Similar results are observed at 1500 nm for
D-(111)A orientation, indicating its high electrical conductivity,
irrespective of excitation wavelength.

to carrier excitations to the lower states of the L— and /-
valleys of conduction band? leading to the mathematical
fitting away from the perfect R? values achieved for the
high fluence or excitation power. Also, optical
excitations closer to the energy band gap of a
semiconductor have higher lifetimes.> At longer
excitation wavelengths (here, 1800 nm), photons
undergo weaker absorption, and since the epitaxial GeSn
layers are thin, the initial excess carrier profile is more
uniform, and the carriers near the surface recombine
leaving carriers deeper into the bulk to dominate the p-
PCD signal later.

To observe the effects of (111)A orientation, p-PCD
lifetime of sample D was measured, as shown in Fig. 10,
at 1500 nm and 1800 nm excitation wavelengths. It is
clear that, irrespective of the wavelength of excitation,
the GeSn layer on (111)A GaAs surface orientation
exhibits poor photoconductivity, and the p-PCD signal
decays faster than other orientations in the same time
windows. This could be attributed to high electrical
conductivity.' 2! This effect is widely noted for epitaxial
Ge on (111)A GaAs with and without surface
passivation,?® possibly ruling out the use of (111)A
oriented epitaxial GeSn active layer in optoelectronics.

Nevertheless, the considerable aspect here is that the
(100) oriented epitaxial GeSn samples that were grown
on 6° offcut (100)GaAs substrates have superior minority
carrier lifetimes even at a reduced fluence by 1 order and
a long wavelength of 1800 nm excitation. One could
achieve a 2-fold benefit while synthesizing a device-
quality GeSn epitaxial material on a III-V buffer layer by
using misoriented (100)/6° substrates: (i) mitigation of
electrostatic potential gradient near the non-polar on
polar interface;?*8-6° and (ii) annihilation of APDs at the
polar on non-polar interface;** 36 both giving the much-
needed radiative recombination enhancements in optical
applications. The thermodynamic stability comparison
between (100)/2° and (100)/6° orientations is presented
in the next section with the help of interatomic potential

Table II: Minority carrier lifetimes of epitaxial GeoosSnoos layers grown with different orientation and

misorientations using microwave-reflection photoconductive decay (u-PCD) technique.

Sample GaAs Geo.04S10.06 Excitation ~Photon fluence p—PCD lifetime Adj. R?
p Substrate thickness (nm) wavelength (nm) (photons/cm?) per pulse (ns) (fitting)
Al (100)/2° 100 319 0.9947
Bl (100)/6° 100 1E8 481 0.9966
C (110) 100 434 0.9848
Bl 100 406 0.997
(100)/6° 00 1.8E8
B2 50 416 0.9946
Bl . 100 284 0.9177
B2 (100)/6 50 1E7 508 0.9512
Bl 3 100 373 0.9018
B2 (o) 50 1800 IE8 666 0.9606

This journal is © The Royal Society of Chemistry 2023
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(a) Ge-GaAs (100)/2°

(b) Ge-GaAs (100)/6°

Fig. 11: : 6280-atoms heterointerface supercell of Ge on GaAs (100) surface : (a) misoriented by 2° towards [110] direction having 1 step in 1
unit supercell; (b) misoriented by 6° towards [110] having 3 steps in same sized supercell as (a). It is observed that, both the supercells have
double-steps with “As-termination”, however the 6° misorientation has higher density of surface steps than the 2° misorientation substrate,
aiding better elimination of antiphase domains when further growth of GaAs will be done on Ge. Note that for the case under consideration
here, GaAs heteroepitaxy is As-terminated and the interface is neutral with 1 atomic layer at the interface having alternating Ge and As atoms
that form equal number of Ge-As and Ge-Ga bonds to neutralize the charge imbalance at the interface. Schematic drawn using Vesta®,

model-based atomistic simulation to elucidate the
difference in formation energy and stability of Ge on
misoriented GaAs substrates, which explains different
carrier lifetimes on (100)/2° and (100)/6° substrates.

(E) Formation Energy Computation by
Atomistic Simulation

Atomistic simulation has gained immense popularity
and made a huge difference to materials research over the
years, as the material properties and parameters at the
microscopic scale do not hold level in the atomic scale.*"
% In decreasing order of precision and computation cost
involved: quantum chemical calculations, density
functional theory, and force field calculations are
employed for investigating the atomic level material
properties using atomistic simulation.%? In the present
work, interatomic potential model-based ATK-
ForceField calculations have been carried out on the
Ge/GaAs heterointerface with different misorientations,
and 6280-atoms in the heterointerface supercell.
ZBLStiwePotential is the potential method used in the
ATK-ForceField calculator. This is based on the
Stillinger-Weber interatomic potential model used for
computations in the diamond, zinc-blende, and wurtzite
crystal semiconductors, where the interatomic bonds are
tetrahedral.*’ The geometry optimization (also known as
energy minimization technique)*”* is carried out with
the maximum force tolerance of 1 meV/A. The total
energy of the 2-heterointerface structures: (i) Ge-
GaAs(100)/2° and (ii) Ge-GaAs(100)/6° were computed
to comparatively underscore a more thermodynamically
stable system among the two and the formation energy is
related as follows:*!- 3
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Zx Etotal(x) (1)

where, E/m is the energy required to dissociate a material
into its individual component x, and E. is the total
energy of the material. For instance, the formation energy
of GaAs semiconductor is given as:*"6

Eform = Erotar —

GaAs __ GaAs
E orm — Etotal

E é)stal / Nys (2)

where, ng, and n4s are the number of Ga and As atoms in
the unit cell.

As shown in Fig. 11, both the Ge-GaAs (100)/2° and
(100)/6° supercells have 6280-atoms: 3140 Ge-atoms
{green}, 1570 Ga-atoms {brown}, and 1570 As-atoms
{pink}. The formation energy of each heterointerfacial
supercell is derived from its total energy with the rest of
the terms on the right-hand side of the equation staying
the same for both orientations. As tabulated in Table III,
there are three interfacial bonding environments
considered for both Ge-GaAs (100)/6° and Ge-GaAs
(100)/2° system: two growth cases where GaAs surface
is As—terminated, and one theoretical case where GaAs
surface is equally terminated by As— and Ga—atoms. In
the first case, shown in Table III, only Ge—As bonds are
present at the interface, making it a charged interface. In
the second scenario (theoretical case), there are equal
Ge—-As and Ge-Ga bonds with no interdiffusion and a
neutral interface. Whereas in the third scenario, the GaAs
surface is As—terminated with Ge diffused to 1 atomic
layer of GaAs making equal number of Ge—Ga and Ge—
As bonds, i.e., a neutral interface (as shown in Fig. 11).
In all three bonding environment conditions, it is
observed that the (100)/6° system has lower total energy
and hence lower formation energy. One could attribute
this to two reasons: (i) higher density of surface steps on
a (100)/6° substrate than the (100)/2° substrate. This is

total/ Nga —
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Table I11: Total Energy of Ge-GaAs heterointerfacial supercell of (100) substrate misoriented by 2° and 6° towards

[110] direction with different bonding environments.

Total Energy of Difference in
Type of heterointerfacial Bonding 6280-atom Ge-GaAs Total Energy
heterointerface supercell (eV) (eV)
Bonds Interface (100)/2° (100)/6° (100)/2°—(100)/6°
#Ge—As Charged, no interdiffusion 3.38 1.89 1.49
#Ge—Ga = #Ge—-As Neutral, no interdiffusion 6.19 5.3 0.89
#Ge—Ga = #Ge—As Neutral, 1 atomic layer interdiffusion 2.77 2.31 0.46

also advantageous as it is widely known that double-
stepped surfaces help in the self-annihilation of anti-
phase domains?® 56" when further growth of III-V
semiconductor on group IV semiconductor is done; (ii) a
smaller number of atoms in the formation of the
interfacial supercell, by the CSL method, has been
proven to give a thermodynamically stable system.
Though this study has been limited to the materials
systems having metals, polycrystals, and oxides,
however, in the case of semiconductors the nature of the
bonding environment makes a significant difference to
the thermodynamic stability of the system.*® Herein, by
considering the computation of three different bonding
environments it was shown that Ge grown on GaAs on
the (100)/6° substrate is thermodynamically more stable.

Further, when Geo04Sngos is grown on the (100)/6°
system, it has a higher carrier lifetime than on the
(100)/2° GaAs substrate. This was observed in 2 separate
growths, sample B1 and B2 [ both (100)/6°] have 406 ns
and 481 ns p-PCD lifetime, respectively, at 1500 nm
excitation, whereas sample Al [ (100)/2°] has p-PCD
lifetime of 319 ns, as discussed in section B. Moreover,
when the p-PCD lifetime measurement was carried out at
1800 nm excitation (i.e., lower energy), it could not
excite sufficient carriers to calculate the u-PCD lifetime
in (100)/2° but it was possible in (100)/6°, as shown in
Table II. Hence, one way to overcome the growth
challenges faced by epitaxial GeSn materials systems in
terms of device quality is to synthesize them on the
misoriented substrates that are more thermodynamically
stable compared to non-offcut substrates.

4. Conclusions

Tunable tin compositional GeSn materials find
applications for silicon-compatible photonics. Extending
its reach to further enhance the quantum efficiencies
needs synthesizing virtually defect-free and high carrier
lifetime GeSn materials. In this work, compressively
strained Geoo4Sno s materials were grown on (100)/2°,
(100)/6°, (110), and (111)A GaAs substrates with an
intermediate Ge buffer layer by vacuum interconnected
solid source molecular beam epitaxy system. High-
resolution x-ray analysis displayed 0.81 % compressive

This journal is © The Royal Society of Chemistry 2023

strain in Geo 94Sng o6 layers, which is further corroborated
by Raman spectroscopy. In addition, the full width at half
maximum of Raman spectral peak from Geo94Sno.os
epitaxial layer on (100)/6° GaAs is smaller than (100)/2°
GaAs, indicating superior quality in the former. The
defect-free heterointerface of Geo94Sno.os/Ge/GaAs
heterostructure was demonstrated by cross-sectional
transmission electron microscopy analysis. Minority
carrier lifetimes of Geo.04Sno.s epilayers were measured
using microwave photoconductive decay technique and
displayed high carrier lifetimes in 319 ns (2° offcut) to
481 ns (6° offcut) at 1500 nm excitation wavelength. This
carrier lifetime value was enhanced to ~ 600 ns at 1800
nm excitation wavelength on (100)/6° GaAs substrate.
The differences in carrier lifetimes on (100)/6° and
(100)/2° GaAs substrates were linked with the formation
energy of the Ge/GaAs heterointerface using atomistic
simulation with different heterointerfacial bonding.
Lower formation energy on (100)/6° is attributed to a
higher density of surface steps in 6° and 20x smaller
number of atoms in a supercell of 6° by the coincidence
site lattice method with different interfacial bonding
environments. Total energy computation of 6280-atom
Ge/GaAs supercell on (100)/6° leads to lower formation
energy (2.31 eV) than (100)2° (2.77 eV), making it more
thermodynamically stable. Hence, a misoriented
substrate with better thermodynamic stability will aid in
realizing device-quality GeSn materials with superior
carrier lifetimes, which will boost the performances of
optoelectronic devices.
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