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Introduction

High carrier lifetimes in epitaxial germanium-tin/Al(In)As
heterostructures with variable tin composition

Mantu K. Hudait*2, Steven W. Johnston®, Michael B. Clavel?, Shuvodip Bhattacharya?,
Sengunthar Karthikeyan?, and Rutwik Joshi#

Group 1V-based germanium-tin (Gei.,Sny) compositional materials have recently shown
great promise for infrared detection, light emission and ultra-low power transistors. High
carrier lifetimes are desirable for enhancing the detection limit and efficiency of
photodetectors, low threshold current density in laser, and low tunneling barrier height by
lowering defects and dislocations at the heterointerface of source and channel. Here, carrier
lifetimes in epitaxial germanium (Ge) and variable tin (Sn) compositional Ge1.,Sny materials
were experimentally determined on GaAs substrates using the contactless microwave
photoconductive decay (u-PCD) technigue at an excitation wavelength of 1500 nm. Sharp
(2% 2) reflection high energy electron diffraction patterns and low surface roughness were
observed from the surface of the Geo.97Sno.o3 epilayer. X-ray rocking curves from Geo.g7Sno.o3
and Geo.9aSno.os layers, demonstrated pseudomorphic and lattice-matched growth on AlAs
and Ino.12Alo gsAs buffer respectively, further substantiated by reciprocal space maps as well
as abrupt heterointerfaces evident from the presence of Pendelldsung oscillations. High
effective carrier lifetimes of 150 ns to 450 ns were measured for Gei.,Sny epilayers as a
function of Sn composition, surface roughness, growth temperature, and layer thickness.
The observed increase in carrier lifetime with increasing Ge layer thickness and reducing
surface roughness, by incorporating Sn, were explained. The enhancement of carrier
lifetime with increasing Sn concentration was achieved by controlling the defects with
lattice-matched Geo.04Sno.os/INo.12Al0.ssAS heterointerface or pseudomorphic growth of
GeoasSnoos Oon GaAs. Therefore, our monolithic integration of variable Sn alloy
compositional GeiySny materials with high carrier lifetimes opens avenues to realize
electronic and optoelectronic devices.

former, 18 similar to ~1.6% tensile strain in epitaxial
Ge.’2 The Ge1ySny material system offers: (i) a tunable
Ge1ySny bandgap by varying Sn incorporation while

Alloying tin (Sn) with epitaxial germanium (Ge)
(i.e., GeiySny) during material synthesis offers several
advantages, chief among them being that the bandgap of
Ge will be converted from an indirect (conduction band
minimum located at L-valley) bandgap to a direct
bandgap (conduction band minimum at I'-valley)
material, which can enhance absorption as well as
improve photodetector response. With the addition of 6-
8% Sn alloying, which compensates the 0.13 eV
difference between the Ge I'- and L-valleys due to a more
rapid decrease in the conduction band minimum of the
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simultaneously maintaining lattice-matching with the
underlying virtual substrate, e.g., InkAli.xAs; (ii) carrier
confinement within GeyySny for electronic (i.e.,
electronic transport only through the GeSn material when
it has been deposited on a large bandgap buffer, such as
InAl1xAs) and photonic (i.e., the different refractive
indices of GeiySny and In,AliAs) applications; (iii)
potential as a source material in Gei.ySny/InxGai-xAs and
similar heterojunction-based, ultra-low voltage tunnel
transistor; 222 (iv) high responsivity when used as a
photodetector material; * 231 (v) compatibility with Si
CMOS technology; %2 and (vi), increased mobility due
to a lower effective mass (mesr) (high ON current, and
therefore the opportunity for circuit-level scaling at low
voltages). In light of the aforementioned advantages,
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researchers have been aggressively investigating
epitaxial Ge1.,Sny on Si and Ge/Si,**® and GeyySny on
amorphous materials, for the development of the next
generation of photodetectors and lasers. However,
without an intermediate buffer layer between the
epitaxial GeiySny and the Ge/Si substrate (the lattice-
mismatch between GeSn and Si), device performance
suffers due to the presence of defects and dislocations®
in the active Gei.,Sny region. In order to mitigate the
propagation of lattice-mismatch-induced defects and
dislocations, a lattice-matched buffer layer is
recommended so as to improve material quality, and
hence, the carrier lifetime in Gei,Sny materials. Thus,
understanding carrier lifetime as a function of Sn
composition in  Gei,Sny alloys is essential for
development of more efficient optoelectronic devices.

A reliable photodetector or laser structure requires a)
an insignificant bandgap change with temperature, b)
wavelength tunability with minimal change in design
parameters, ¢) high carrier lifetime and reduced lattice-
mismatch-induced junction leakage current, and d)
increased band offsets between active channel (e.g., Gei-
ySny) and barrier (e.g., InyAlixAs) material. Current
strategies for Si-compatible optoelectronics rely on direct
growth of SiGeSn or Ge1ySny on Si substrate, but this
results in a lattice-mismatch induced defects and
dislocations, which can severely impact carrier lifetime
as well as junction leakage. Carrier lifetimes in Ge1ySny
materials are expected to increase when grown on lattice-
matched InyAl1.xAs intermediate buffers, wherein defects
and dislocations can be reduced to negligible levels, as
opposed to the direct growth of Gei.,Sny on Si.40-49

Lattice-matched Gei-ySny/InsAl1xAs heterostructures
can reduce the defect induced junction leakage and
increase carrier lifetime. Two design strategies are
considered here to improve the Gei.,Sny material quality
compared to direct growth on Si: a) the thickness of the
Ge1ySny epilayer on AlAs/GaAs substrate below the
critical layer thickness, and b) the growth of GeiySny
epilayer lattice-matched to InAlixAs (no thickness
constraints). In both cases, no strain relaxation-induced
defects will be generated in the GeiySny, material.
Moreover, the growth temperature (although lying within
a small window) of the Gei.,Sny material on In,Al1xAs
permits another avenue for improving the Gei.,Sny
material quality. As such, these routes provide more
tenable mechanisms for synthesizing device-quality Gei-
ySny materials.

Figure 1a shows the bandgap and lattice constant as a
function of Sn (or InAs) mole fraction in GeiySny (or
InAl1«As) at 300 K and 10 K.32 %051 The vertical dash-
dotted line represents the bandgap for 6% Sn in
Geo.94Snoos, Whereas the dash-dotted horizontal line
represents the lattice-matched alloy compositions for
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Fig. 1: (a) The bandgap and lattice constant versus Sn (or InAs)
mole fraction in GeiySny (and InxAlixAs) at 300 K and 10 K.
(b) Schematic band alignment of lattice-matched Gei.ySny/InxAls-
xAs heterostructures of selected Sn compositions at 300K. The
vertical dash-dotted line in (a) represents the bandgap for 6% Sn in
Geo.04Sno.os, and the dash-dotted horizontal line represents the
lattice-matched compositions of 6% GeSn and Ino.12AlossAs,
respectively. The 6% Sn mole fraction corresponds to Egcesn(I') =
0.6033 eV, a 0.2 eV reduction (at T = 300 K) of the direct Ge Eg.
The corresponding acesn is equivalent to ~ 0.827% tensile strain Ge,
with a compressive mismatch with respect to GaAs of ~ 0.96%.

Geg.9aSnoos and Ing12AlpssAsS, respectively. Noticeably,
the bandgap of GeiySny remains almost constant with
temperature until Sn = 35% and the most often targeted
Sn compositional range for photodetector and laser
applications is < 40%, due to the need for ultra-low
growth temperatures (< 150°C) and spontaneous Sn
segregation. Hence, by exploiting the Ge1.,Snhy/InyAl1.xAs
heterostructure, GeiySny-based tunable-wavelength
photodetector and laser structures could be realized that
would address many of the aforementioned issues, such
as prohibitively high defect and dislocation densities, and
their associated reduction in minority carrier lifetime and
increase in junction leakage. The reduced junction
leakage can be achieved by growing a lattice-matched
InyAl1As barrier underneath the Ge1.,Sny active region,
and increased band offsets between GeiySny and InyAl:.

This journal is © The Royal Society of Chemistry 2022
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¥As (e.g., 4Ev = 049 eV and AEc = 1.01 eV for
Ge/AlAs)% for electronic transport. Figure 1b shows the
schematic of the band alignment of Gei.,Sny/InyAl1xAS
heterostructure with selected Sn compositions from 0 to
15%. The band alignment of the starting Ge/AlAs*® and
e-Ge/lng6Alo 74As%?  heterostructures, experimentally
demonstrated via x-ray photoelectron spectroscopy were
used. Moreover, the change in 4Ey was relatively
insignificant compared to AEc with increasing In
compositions in InAli.xAs. The high band offsets, AEc
and AEy at each lattice-matched Gei.ySny/InyAl1xAS
heterostructure, indicates superior carrier confinement.

Although, extensive work has been performed in the
direct integration of GeiySny on Si, there is a lack of
literature on minority carrier lifetimes in GeiySny
materials as a function of Sn alloy composition.
Therefore, this paper highlights the material synthesis,
structural analysis, and carrier lifetimes of epitaxial Gei-
ySny layers on (100)GaAs substrates (with intermediate
AlAs large-bandgap buffers) as (i) a function of Sn
composition and lattice-matched
Geo.94SNo.06/IN0.12Al0.88AS heterostructure, (ii) function of
growth temperature for a nominally fixed Sn
composition, (iii) Gei.ySny epilayer thickness, and (iv)
surface roughness. Without the in-situ growth capability
provided by the interconnected, dual-chamber molecular
beam epitaxy (MBE) process used herein, the oxidation
of the InAlixAs virtual substrate prior to GeiySny
epitaxy would degrade the heterointerfacial lattice
coherence, and thereby introduce deleterious crystalline
defects into the Ge1,Sny active region. Carrier lifetimes
of 150 ns - 450 ns were measured for the 3-6% Gei.,Shy
epilayers using microwave photoconductive decay (-
PCD) technique.5® > Considering the many advantages
of the Ge1ySny material system, as previously outlined,
wide-spread device applications are possible if device-
quality, tunable-composition epitaxial Ge1.,Sny materials
can be realized through intelligent design of the
underlying high-bandgap InxAli.xAs buffer.

Experimental

A: Materials synthesis

Epitaxial GeiySny layers with varying Sn
compositions from 0% to 6% were grown on Semi-
insulating (100)GaAs substrates that were 2° off towards
<110> direction (with or without an intermediate AlAs
buffer layer) using an ultra-high vacuum interconnected,
dual-chamber MBE system with separate reactors for
group 1V and group I11-V materials. The interconnected
growth chambers minimize the atomic interdiffusion at
the Ge/AlAs® and strained Ge/InAlAs heterointerfaces.>®
GeSn with 6% Sn composition was grown on graded

This journal is © The Royal Society of Chemistry 2022
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InkAl1xAs buffers starting from GaAs substrate. 7N high-
purity Ge (American GMG Incorporated, United Mineral
and Chemical Corporation) and 6N high-purity Sn
(American GMG Incorporated) elemental source
materials were used for this work. An in-situ reflection
high energy electron diffraction (RHEED) module
connected to the 111-V reactor was used to monitor the
GaAs substrate oxide desorption process, and the surface
reconstruction of the I11-V epilayers (i.e., GaAs, AlAs,
and graded InxAlixAs buffer) during growth. Likewise,
the surface reconstruction of the as-grown Ge and Gei-
ySny films were investigated following Gei.,Sny epitaxy
and transfer of the sample(s) from the group 1V reactor
to the group IlI-V reactor. This in-situ growth and
analysis capability permitted the examination of the
surface reconstruction for representative GaAs, Ge and
Geoo7rSnoos samples. The GaAs substrate oxide
desorption was performed at 750°C under an arsenic flux
of ~10° Torr prior to reducing the temperature to 650°C
for GaAs homoepitaxy. The temperature referred to
herein was the thermocouple temperature. After the
growth of the 250 nm GaAs homoepitaxial buffer,
different thicknesses of AlAs (see Figure 2 below) were
grown at 650°C (on a per-structure basis) prior to Gei-
ySny epilayer growth. The 750 nm thick linearly graded
InkAixAs metamorphic buffer was grown at 480°C in
order to balance the different adatom mobilities of
aluminium (Al) and indium (In) on the growth surface.
The overshoot In composition of ~16% was incorporated
within the graded InxAixAs buffer (x=0.03-0.16->0.12)
for efficient strain relaxation. After the graded In,Al1xAs
buffer growth, a 15 minute, 580°C annealing step was
implemented under an arsenic flux of ~10° torr to
provide thermal energy for annihilation of lattice-
mismatch induced defects. After annealing the graded
InkAixAs buffer layer, a constant composition of 0.5 um
thick Ing12Alps8As layer was grown at 580°C, which is
lattice-matched to a GeogsSnogs epilayer. Each layer
structure was cooled down below 200°C under a
decreasing As, overpressure, and vacuum (~ 4x107°
Torr) transferred to the group IV reactor for Gei.ySny
epitaxy in the temperature ranges from 175°C to 250°C.
The growth rate of the Ge film was calibrated to 0.1 A/s.
The Sn cell temperature was varied for different Sn
compositions. After the growth of each Gei.,Sny film
with different thicknesses and Sn compositions, each
sample was cooled down to 50°C at a ramp rate of
5°C/min prior to unloading from the group IV reactor in
order to prevent the formation of defects due to the
dissimilar thermal expansion coefficients between each
layers studied here. The details of the growth procedure
for epitaxial Ge on GaAs as well as on AlAs are reported
elsewhere.? %

J. Mater. Chem. C, 2022, 00, 1-13 | 3
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B: Materials characterization

The crystalline quality, Sn composition, and epilayer
relaxation of each heterostructure were characterized
using high-resolution x-ray diffraction (HR-XRD). X-ray
rocking curves (i.e., ®-20 scans) and RSMs were
recorded using a PANalytical X-pert Pro system
equipped with PIXcel and proportional detectors and a
monochromatic Cu Ka (L = 1.540597 A) x-ray source.
The Sn-induced strain-state (i.e., originating from the
misfit with the underlying GaAs, AlAs and InAlAs
materials) in each Gey.,Sny layer was determined by HR-
XRD. The strain analysis and composition of each layer
after x-ray measurement were performed following the
methods described in Ref. 57. The surface roughness of
selected samples was determined using a Bruker
Dimension Icon atom force microscope (AFM) under
tapping mode. Carrier lifetimes were evaluated by
microwave photoconductivity decay method, wherein
the sample conductivity due to the excess carriers
generated by laser excitation (wavelength of 1500 nm)
was monitored via the microwave power reflected from
each sample surface. During measurement, each sample

The repetition rate of the laser was 10 pulses/s. The laser
power at 1500 nm was 20 mW when measured on a
power meter where the absorption disk was 20 mm in
diameter. The injection level of carriers is on the order of
102 cm, PCD lifetimes were quantified for each Gei-
ySny layer by fitting the decay curve after the optical
excitation pulse was ended. The details of this
measurement technique can be found elsewhere.>*

Results and discussion

A: In-situ surface analysis via RHEED

Figure 2 shows the cross-sectional schematic of each
epitaxial Gei,Sny heterostructure investigated in this
work. These sample structures were carefully selected as
a function of Sn composition, buffer layer material type,
thickness of each Ge1.,Sny layer, and growth temperature.
Table I shows the GesySny/IlI-V heterostructures,
studied in this work. These growth parameters enabled us
to achieve high bulk carrier lifetime. Prior to measuring
the carrier lifetime of each sample, surface analysis was
performed on selected samples. The surface
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Fig. 2: Cross-sectional schematics of the Ge1.xSnx/AlAs/(100)GaAs heterostructures investigated in this work: (A1) 280 nm thick epitaxial
Ge layer on 333 nm AlAs buffer on semi-insulating (S. 1.) GaAs substrate; (A2) 600 nm thick epitaxial Ge layer on 21 nm AlAs buffer;
(B) 100 nm thick Geo.e72Sno.o2s on 250 nm GaAs buffer; (C) 350 nm thick Geo.s7Snoos on 250 nm AlAs buffer; (D) 400 nm thick
Geo.942Sn0.0s8 0n 250 nm AlAs buffer layer; (E) 50 nm thick Geo.94Sno.os on 250 nm GaAs buffer; (F-G) 350 nm thick Geo.s4Sno.os on 500
nm thick lattice-matched Ino.12Alo.ssAs/InxAl1xAs/GaAs buffer layer grown at 250°C and 175°C, respectively.

(dimensions ~10 mm X 10 mm) was placed underneath
the waveguide (WR42 for 20GHz, dimensions ~ 4.3 mm
X10.7 mm), and the beam flux at this wavelength fills
the waveguide. Each sample faces up and the laser
excitation at this wavelength was incident from the top.

4 | J. Mater. Chem. C, 2022, 00, 1-13

reconstruction of selected samples was studied using
RHEED analysis. It is one of the most powerful in-situ
characterization techniques used in MBE for the surface
analysis of semiconductors during growth, as well as in
the determination of epilayer growth rate. In this work,

This journal is © The Royal Society of Chemistry 2022
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Table I: Carrier lifetime in epitaxial Ge1ySny/I11-V heterostructures as a function of Sn composition.

Sample Label Sn | Buffer/substrate Growth | Ge or GeSn Carrier R? (linear
(%) Temp (°C) | thickness lifetime regression)
(nm) (ns)
Al (Pseudomorphic) | 0 AlAs/GaAs/2°-GaAs 400 280 91.20 0.98504
A2 (Pseudomorphic) | 0 AlAs/GaAs/2°-GaAs 400 600 320.02 0.97751
B (Pseudomorphic) | 2.8 | GaAs/2°-GaAs 200 100 257.33 0.99292
C (Pseudomorphic) | 3.0 | AlAs/GaAs/2°-GaAs 200 350 220.35 0.98725
D (Partially relaxed) | 5.8 | AlAs/GaAs/2°-GaAs 200 400 150.90 0.94837
E (Pseudomorphic) | 6.0 | GaAs/2°-GaAs 195/190 50 468.06 0.99276
F (Lattice-matched) | 6.0 | Ino12AlogsAs/INkAl1xAs/GaAs/2°-GaAs 250 350 324.06 0.98155
G (Lattice-matched) | 6.0 | Ing12AlossAs/InkAlixAs/GaAs/2°-GaAs 175 350 208.94 0.95271

RHEED patterns were recorded at different stages of the
growth process in order to understand the surface
morphology of the as-grown Ge and Geoy7Snoos
materials. The surface reconstruction of the (100)GaAs
substrate, epitaxial Ge, and epitaxial Geog7Snoos was
examined using in-situ RHEED analysis during growth,
as shown in Figure 3. Figure 3(i) shows a representative
RHEED pattern obtained from the surface of a
(100)GaAs substrate (or homoepitaxial layer) along the
[110] and [110] azimuthal directions, which exhibited a
streaky (2x4) surface reconstruction. From Figure 3(i),
one can find that the main and higher-order diffraction
points exhibited a high degree of elongation and relative
intensity, indicative of a smooth surface morphology
during growth. Figures 3(ii) and 3(iii) similarly display
the RHEED patterns from the surface of Ge and
Geo.97Snoos epilayers, respectively, recorded along the
[110] and [110] azimuths. An unintentionally-doped
epitaxial Ge layer deposited on the (2x4) reconstructed
(100)GaAs surface exhibited a streaky (2x2) surface
construction, comparable to that of RHEED patterns
reported earlier,?® > and likewise indicative of 2D growth
and a smooth surface morphology.? 8 As the group IV
and group I11-V MBE reactors used in this work were
interconnected via an ultra-high vacuum transfer
chamber, the epitaxial GeiySny layers were also
transferred to the group 111-V reactor for RHEED surface
analysis post-growth. Streaky and sharp (2x2) RHEED
patterns along the [110] and [110] azimuths were
observed from the surface of the Geo.g7Snoes grown on
(100)GaAs with an intermediate AlAs buffer layer, as
shown in Figure 3(iii). In addition, the elongation and
relative intensity of the main and higher-order diffraction
points on the Geg.97Sho.os surface were found to be greater
than that seen in the Ge (2x2) surface reconstruction
pattern, suggesting a smoother and more uniform surface
morphology on the former, which will be validated using
AFM analysis. Hence, the RHEED observations of the
Geo.97Sno.0s/AlAs heterostructure show similar RHEED
patterns to those of unstrained and strained Ge

This journal is © The Royal Society of Chemistry 2022

epilayers,® 8 but with elongated and more intense
diffraction, suggestive of more uniform surfaces with
lower surface roughness.

GaAs (2-fold), [110]

GaAs (4-fold), [110]

Ge (2-fold), [110]

Fig. 3: The in-situ RHEED patterns from the surface of (i) a
representative (100)GaAs substrate, (ii) epitaxial Ge, and (iii),
epitaxial Geo.g7Sno.os (Sample C) on AlAs/(100)GaAs along the
azimuth of [110]. The RHEED patterns exhibited streaky (2 <4) and
(2%2) surface reconstructions from the surface of (100)GaAs, and
Ge or GeogrSno.os, respectively. Similar (2<X2) RHEED patterns
were obtained from the tensile-strained Ge epilayer surface grown
on a InxGai-xAs metamorphic buffer [25, 57]. The sharp and streaky
RHEED patterns were indicative of high-quality Geo.g7Snho.os epitaxy
with a smooth surface morphology.

B: Surface morphology via AFM

Characterization of surface roughness and demonstration
of smooth surface morphologies, using AFM analysis, is
a key indicator for pseudomorphic and metamorphic

J. Mater. Chem. C, 2022, 00, 1-13 | 5
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Fig. 4: AFM micrographs and corresponding line profiles from the surface of 20 x 20 um? epitaxial 280 nm Ge (A1), 600 nm Ge (A2), 100
nm Geo.972SNo.02s (B), and 350 nm Geo.e7SNo.os (C) layers, demonstrating an RMS roughness of 8.89 A over the 20 x 20 pm? scan area (Sample
C; Geo.97Sno.03). A uniformly smooth surface morphology with a maximum peak-to-valley height of ~6 nm was likewise observed.

heterostructures. In the previous section, the observed
Geo.97Sno.03 RHEED patterns suggested a smooth surface
morphology for the Geo.e7Sno.o3 film, more so than that of
the Ge surface due to the elongated and intense
diffraction observed. Figure 4 shows the 20 um x 20 pm
AFM micrographs and corresponding line profiles taken
along the two orthogonal [110] directions and recorded
from the surfaces of 280 nm Ge (Al), 600 nm Ge (A2),
100 nm Gegg72SNgozs (B) and 350 nm Geo.97SNo.03 (C)
The  superior surface  morphology of the
Geo.97Sno.0s/ AlAs/GaAs heterostructure, with a root mean
square (rms) roughness of 8.89 A, in contrast to the 3.68
nm or 4.08 nm rms roughness of the Ge/AlAs/GaAs
structures, suggests surfactant-mediated-like growth
Kinetics during incorporation of Sn into the GeiySny
epilayer. The Geo.97Snges surface roughness observed in
this work was found to be in agreement with similar Ge-
ySny surface morphologies reported in Refs. [59, 60].
Although reduced Gei.,Sny growth temperatures, such as
those used in this work, would limit the surface adatom
mobility, in turn lowering the surface roughness, it is also
expected to promote point defects.’> ¢ Therefore, a
higher growth temperature would be preferable in order
to mitigate the point defects at the cost of an increase in
surface roughness. In the current work, no attempt was
made to optimize the surface morphology as a function
of growth parameters, such as growth temperature,
growth rate, Sn content, or thickness of the Gei.,Sny
epilayers. However, the low rms roughness of the
Geo.97Snoos surface suggests a high crystalline quality
with high carrier lifetime.

6 | J. Mater. Chem. C, 2022, 00, 1-13

C: Compositional and structural analysis via
x-ray analysis

Geo.972SN0.028/GaAs and Geo.97Sno.o3/AlAs
heterostructures - The GeiySny/AlAs (or GaAs)
heterostructure crystal quality, Sn composition, and
epilayer relaxation and strain-states were characterized
using HR-XRD analysis. X-ray rocking curves (i.e., ®-26
scans) were recorded using a PANalytical X-pert Pro
system equipped with P1Xcel and proportional detectors.
Figure 5 shows the x-ray analysis of epitaxial Geo.s7SNno.os
layers grown on (100)GaAs substrates (a) without and (b)
with an intermediate AlAs buffer layer by MBE. This
large bandgap AlAs buffer is expected to serve as a
parallel conduction barrier layer (for carrier transport), or
as the epitaxial release layer for the lift-off of the
overlying GeiySny epilayer from the GaAs substrate.
Figures 5(a)and 5(b) show the experimental (measured,
red) and simulated (blue) x-ray rocking curves for the
Geo,9723no,028/(100)GaAS and
Geo.97Sno.0s/ AlAS/(100)GaAs heterostructure,
respectively, revealing abrupt interfaces for each
heterostructure as indicated by the presence of
Pendelldsung oscillations. In addition, reciprocal space
maps (RSMs) of these structures show the reciprocal
lattice points (RLPs) contours of the Geog7Snoes, AlAS,
and GaAs lattices. The Q, separation of the RLPs in the
(004) RSMs show the compressively strained nature of
the GeiySny epilayer with respect to either the GaAs
substrate or AlAs buffer. The RLPs of the different
constituent materials were found to be in alignment along
the Q:axis, indicating the fully-strained (i.e.,
pseudomorphic) state of the GeogrSnoos epilayer. It

This journal is © The Royal Society of Chemistry 2022
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Fig. 5: X-ray rocking curves of measured (red) and simulated (blue) (a) Geo.s72Sno.ozs on (100)GaAs (Sample B), as well as (b) Geo.s7Sho.o3
on (100)GaAs (Sample C) with an intermediate AlAs buffer layer, showing Pendellésung oscillations indicative of superior Ge1.ySny material
synthesis and smooth heterointerfaces. Symmetric (004) and asymmetric (115) reciprocal space maps of the Geo.972Sno.ozs (G€0.97SN0.03)
epitaxial layers on (100)GaAs substrates, revealing pseudomorphic heterointerfaces as shown by the Q. alignment of the GaAs, AlAs, and
GeSn reciprocal lattice contours in both the (004) and (115) scans. The GeiySny peaks show a smaller Bragg angle than the (100)GaAs
substrate, indicating a larger out-of-plane and smaller in-plane lattice constant. The compressive strain-state of the Gei1.ySny epilayer was
determined to be ~ 0.53% with respect to the (100)GaAs substrate. The corresponding acesn is equivalent to ~ 0.44% tensile-strained Ge.

should be noted that the low misfit of the
~Geo.97Sno.0s/AlAs system, besides the limited 100 nm
and 350 nm Gei.ySny thickness, permitted the growth of
these  fully-strained heterostructures absent of
guantifiable relaxation. As such, one should not expect
lattice-mismatch-induced defects at the heterointerfaces
of the GeiySny/AlAs or GaAs system for low Sn
compositions (< 3%). Similar analysis was performed on
a 400 nm-thick Gei.,Sny epitaxial layer grown on GaAs
with an intermediate 250 nm-thick AlAs buffer.

Ge0.94Sn0.06/IN0.12Alo.88AS/INxAl1-xAS

heterostructure — Figures 6a and 6b show the recorded
symmetric (004) and asymmetric (115) RSMs,
respectively, from the Geo.4Sno.os/INo.12Alo.8sAS/INKAlL
«As/GaAs structure, highlighting the RLP centroid for
each epilayer. The Sn composition from the measured
RSMs was found to be ~6%. HR-XRD data reveal that
the 350 nm thick GeogsSnoos epilayer is indeed lattice-
matched with respect to the Ing.12Alo 8sAS virtual substrate
(VS). As can be seen from the symmetric (004) RSM
shown in Fig. 6a, the in-plane lattice constant of
GeoasSnoos layer is matched with the upmost
composition Ing 12Alg ssAs of the graded InyAlixAs buffer

This journal is © The Royal Society of Chemistry 2022

layer. Fig. 6b further confirms the lattice-matched
Ge0.94SN0.06/IN0.12Al0 88AS heterostructure where the RLPs
of both Geg.94Sno.06 and Ing.12Alo s8AS layers are on top of
each other. The overshoot In composition of 16%
embedded into linearly graded InsAlixAs buffer (below
the Ino.12AlogsAs RLP) is to relax the graded InAli.xAs
buffer layer. Further examination of (115) RSM (Fig. 6b)

(004)

0.885
0.71F

Q, (rlu)

0.70 |-

Geo QASnO 06

(a)
-0.(I)05 O.(;OO O.OIOS O.(;lO
Q, (rlu.)

Fig. 6: RSMs taken along the (a) (004) and (b) (115) orientations.
These RSMs support the lattice-matched epitaxy of 350 nm thick
Geo.04Sno.os on Ino.12Alo.ssAs buffer layer, which is expected to

increase the carrier lifetime in GeSn layer (Table I, Sample F).

0.865

0.250
Q, (rlu.)

0.245 0.255
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reveals a close alignment in the Qx components of the
Geo.9sSnoos and Ing12AlogsAs RLPs, indicative of
coherent lattice-matched epitaxy. Moreover, the Qx-Q;
symmetry of the GeSn RLP suggests a uniform
crystallinity absent of substantial mosaicity-inducing
crystal defect scattering. Likewise, the narrow,
symmetric nature of the InAlixAs RLP indicates
dislocation-minimal constant composition growth,
signifying a strong confinement of mismatch-induced
defects in the linearly graded InyAli.xAs buffer. Similar
analysis was performed on a 50 nm-thick Geg.94Sno.os
epitaxial layer grown on GaAs with an intermediate 25
nm-thick Ge buffer, shown below.

Geo.94Sno0s/ GaAs heterostructure — Figures 7a and 7b
show the measured symmetric (004) and asymmetric
(115) RSMs, respectively, from the 50 nm thick
Geo.94Snoos layer directly grown on GaAs substrate with
a 25 nm thick Ge buffer layer. The RLP of each layer and
the substrate is clearly visible. The (115) RSM shows the
compressively strained GeggsaShoos layer, as expected.
The RLP contour is broad as compared to 350 nm thick
GeoasSnoos Material grown on lattice-matched
Ino.12AlogsAs buffer layer, as shown in Fig. 6. The carrier
lifetime is expected to increase in this Geo.9sSno.os
epitaxial layer due to no defects and dislocations
generated via strain relaxation.

7 (115)

071 0.885

Q,(rlu)

0.70 ".Ge Sn

0.94%" '0.06

1
0.000 0.004 0.24 0.25 0.26
Q (rlu.) Q, (rlu.)

Fig. 7: RSMs taken along the (a) (004) and (b) (115) orientations.
These RSMs support the compressively strained Geo.osSnho.os on
(100)GaAs substrate, which is expected to increase the carrier
lifetime in Geo.oaSno.os layer (Table I, Sample E).

-0.004

D: Carrier lifetimes via PCD

Carrier lifetime is a common material parameter used
in the evaluation of semiconductor material quality,
similar to Hall mobility, due to the sensitivity of carrier
lifetime to defects and dislocations. Particularly for
photonic and optoelectronic materials, such as Gei,Sny,
the evaluation of carrier lifetime is as important as carrier

mobility. Correspondingly, different measurement
techniques, such as  temperature  dependent
photoluminescence,  microwave  reflection and

8 | J. Mater. Chem. C, 2022, 00, 1-13

transmission probing, and non-contact PCD, were
developed over the years.*4 45 48.49.53,54, 61, 62 |y this work,
the minority carrier recombination properties in Gei-
ySny/INAlAs and Ge1.ySny/GaAs or AlAs heterostructures
were probed at 300 K using the ultrahigh frequency
microwave reflection PCD analysis at the National
Renewable Energy Laboratory (NREL). The GeiySny
minority carrier recombination properties were studied as
a function of GeiySny epilayer thickness, surface
roughness, and Sn alloy composition. An excitation
wavelength of 1500 nm was used, and the carrier
lifetimes were quantified by fitting the decay curve after
a short ~3 ns optical excitation pulse ended. An overview
of the PCD measurement technique and measurement
setup used herein can be found elsewhere.® ° ©2 Figure
8 shows the PCD signal obtained from the Gei.
ySny/InAlAs and Ge1.,Sny/GaAs or AlAs heterostructures
measured using a 1500 nm excitation wavelength. The
absorption coefficient of Ge at 1500 nm is 4x10% cm™,
and the penetration depth at this wavelength is much
larger than the thickness of the Gei.,Sny epitaxial layers
studied here. One can find from Figure 8 that there are
two-time scale windows (highlighted by the two shaded
areas, | and Il) for carrier recombination. The fast (I) time
scale for initial relaxation is due to the recombination of
excess photogenerated carriers at the surface. Surface
recombination cannot be avoided, but can be minimized
for samples with lower surface roughness, or passivated
samples. Photogenerated carrier diffusion could occur
during this time frame, following carrier generation, but
I 1 1 I I _I

;
) 3500m Ge, S, 1T, -7

—~ £) 25o0Nm
g LE)ﬁSOﬁnﬁm Ge, SN, 6

N

= (D) 400nm Ge, SN 1
g) £) 350nm Ge, 7Sy o;

N — :
(@) (E) 100nm Ge, ;/,5N; 156 :
O (A2) 600nm Ge

I "(A1)280nm Ge o ~a
i 1 M 1 M 1 i 1

0 100 200 300 400
Time (ns)

Fig. 8: PCD data at 300 K obtained from the GeiySny/IlI-V
heterostructures with different thicknesses, wherein the excitation at
a 1500 nm wavelength was applied from the front side of each
heterostructure. The figure also shows the fits to the data (Cyan) for
each PCD signal, wherein the effective carrier lifetime was
determined (Region I1) for each sample studied here. The initial PCD
signal decreases sharply from 0 ns to 50 ns after excitation (Region
1). All data has been offset for clarity

This journal is © The Royal Society of Chemistry 2022
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the rate of diffusion would be smaller due to surface
recombination. However, these excess carriers would
diffuse into the bulk of the sample, depending on the
excitation energy subsequent to initial surface
recombination.> In addition, surface recombination
would be more pronounced for samples with higher
surface roughness. The PCD measurement technique is
able to monitor excess carriers deep into the bulk and the
carrier lifetime, which is the bulk lifetime, can be
extracted from the measured decay signal. For samples
with higher surface roughness, excess carriers can
recombine quickly, leading to a fast initial PCD decay
signal. The slower (I1) time scale is correlated to the bulk
lifetime of photogenerated carriers via Shockley-Read-
Hall (SRH) recombination, which is related to carriers
trapping on impurities or defects. By fitting the PCD

signal (Veco) 10 Ve = A. exp (———) within the low-
PCD
level injection regime, shown in the second shaded area

(I1), as indicated in Figure 8, the PCD lifetimes ( Tpcp )

were extracted, where the pre-exponential factor A is a
constant and t is the photoconductive decay time. Figure
9 shows the extracted bulk lifetime as a function of Sn
composition in the investigated Ges.,Sny layers. One can
observe three lifetime trends: (i) region I, related to the
change in Ge thickness from 280 nm to 600 nm; (ii)
region I, related to the reduction in surface roughness
from 4 nm to 0.8 nm; and (iii), region Ill, related to 6%
Sn alloy composition within the Ge1.ySny epilayers. Table
I shows the Gei,Sny epitaxial layer details along with
growth temperature, buffer layer and measured carrier
lifetimes as determined using the PCD method at NREL.

From Figure 9 (Regions I, I1), one can find that tpcp
increased from 90 ns (A1) to 320 ns (A2), representing a
3.5Xincrease in bulk lifetime, when the Ge film
thickness was increased from 280 nm to 600 nm (a
2Xincrease) for the same excitation wavelength. The
increased bulk lifetime with the increase in Ge film
thickness is due to less relative surface and interface
recombination in the thicker sample. It should be noted
that the surface roughness of both samples was virtually
identical (4 nm vs 3.7 nm). The impact of the surface
roughness on the bulk lifetime of Ge and GeiySny
epilayers is also shown in Fig. 9 (Region Il). The carrier
lifetime is higher in GeSn samples with lower surface
roughness (B & C) than Ge layer (Al), an essential
criterion for photonic or electronic device applications.
However, GeSn sample (D) with partially relaxed
(~16%), could create defects and dislocations inside the
film or interface, which resulted in the decreased bulk
lifetime. However, the carrier lifetime (Region Il1) was
enhanced by growing pseudomorphic (thinner layer, E)
and lattice-matched Geo.9sSno.os/INo.12AloesAs structure

This journal is © The Royal Society of Chemistry 2022
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Fig. 9: Carrier lifetime vs. Sn composition for the GeiySny/Ill-V
heterostructures. The carrier lifetime increased with increasing Ge
epilayer thickness (Al to A2), due to less overlap between surface
and interface effects. The lifetime also increased with reducing
surface roughness (Al to C) and pseudomorphic (E) or lattice-
matched (F) composition. It decreased in lower temperature growth
(G) and partially relaxed case (D). The measured lifetime was above
300 ns for the lattice-matched Geo9sSnoos layer on
Ino.12Alo.88As/INxAl1-xAs/GaAs.

(F: no thickness constraints), which is needed for
photodetector development. One can find that the
lifetime is increased from 150 ns to 324 ns at 6% Sn
composition by minimizing the dislocations at the
interface of Geo.04Sno.os/INo.12Alo.gsAS (F).

The u-PCD technique measures the carrier lifetime
resulting from parallel intrinsic and extrinsic
recombination processes. It is based on the change in
local conductance when the laser source generates excess
carriers in the sample. The reflected microwave signal
from the sample surface is measured, and the reflected
intensity is changed compared to the incident intensity
due to the change in the effective refractive index of the
sample (which is due to the change in conductance). In
the carrier recombination dynamics, there are mainly
three recombination processes that can occur: band-to-
band recombination, Auger recombination and trap-
assisted or Shockley Read Hall (SRH) or non-radiative
recombination, for determination of carrier lifetime in a
semiconductor. In addition, the bulk recombination rate
(R), which depends on the number of excess carriers and
type of semiconductor (direct wversus indirect), is
important. In moderately doped semiconductor, Auger
recombination process is neglected (at high carrier
density, the lifetime is controlled by Auger combination)
and then left with two recombination processes. Another
important parameter is the level of carrier injection
during measurement: low-level (Il) where excess
minority carrier density is low compared with majority
carrier density, Ap < n, (GeSn samples are n-type with

J. Mater. Chem. C, 2022, 00, 1-13 | 9
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doping density of ~3 X 10 cm= measured via Hall effect

with van der Pauw method) and high-level (hl), Ap > n,,.

At low level injection (~10'? cm in this work), the

carrier recombination lifetime (z,.) is defined as,%
1 1

A
el b e 1)
R TradtTsrRH +TAuger TradTTSRH
1 . 1
Traa (D) = Bno; Tsru(lD) = Tpr Trad (hD) = BAD' (2)

where traq IS the radiative lifetime, gy IS the SRH
lifetime, 7, is the minority carrier lifetime, Ap is the
excess minority carrier density, and B is the radiative
recombination coefficient. Since the B value is unknown
for Gey,Sny material, it is modest to assume that it lies
between the Ge® and InAs* semiconductors to
determine the t,,4 for GeiySny material. The 7,.,4 for Il
or hl injection is in microseconds to nanoseconds for
these semiconductors. The carrier lifetimes in Gey.,Sny
materials, reported in Table I, are in hundreds of
nanoseconds implying that they are SRH limited. If the
threading dislocation density is high within the film, then
the carrier lifetime would be reduced.® Recently reported
carrier lifetime of 217 ps at 20 K for 350 nm Geg.s75SNo.125
film on Ge-buffered Si (at the laser excitation fluence of
~ 10 cm) using the time-resolved photoluminescence
spectroscopy is limited by excitons bound to defects or
other defects-based recombination. It is evident that the
integrated intensity at 20 K is significantly higher than
that at 300 K, indicating non-radiative recombination
processes were present.*> Thus, the lattice-matched Ge-
ySny/ InAlAs material offers higher carrier lifetime due to
low defect density.

The high carrier lifetime in GeiySny materials
measured in this work can increase the internal quantum
efficiency (IQE) of a laser diode.*® In the case of ~ 7%
Sn alloy composition in GeiySny, which is equivalent to
~ 1% tensile strain in Ge, the theoretical IQE is 0.001
for a lifetime of 1 ns and the IQE improves to 0.1 for a
lifetime of 100 ns, which shows an order of magnitude
increase in IQE corresponding to an order of magnitude
increase in lifetime.*® This implies that samples (Al — G)
would provide a theoretical IQE in the range of 0.05 to
0.5, whereas sample E with 6% Geo.94Sno.os grown on a
lattice-matched Ing12AlossAs buffer would provide a
maximum IQE of ~ 0.5. Also, the threshold current
density (Jw) for a direct bandgap Gei.,Sny material can
drop to ~ 1 kA/cm? for a lifetime beyond 100 ns.*
Samples Al and A2 with 0% Sn as well as samples B and
C with 3% Sn would have a high J» than samples D-G
with 6% Sn, which are closer to a direct bandgap
material. Hence, monolithic integration of variable Sn
alloy compositional GeiySny materials on lattice-

10 | J. Mater. Chem. C, 2022, 00, 1-13

matched InAlixAs with high carrier lifetime would aid
in realizing Si-compatible lasers and photodetectors.

Conclusions

Group IV-based Gei.,Sny materials have recently
shown great promise for infrared detection. To that end,
high carrier lifetimes are desirable for enhancing the
detection limit and photodetector efficiency. In this work,
carrier lifetimes in epitaxial Ge and tunable Sn
composition Gei.,Sny materials were experimentally
determined on (100)GaAs substrates with and without an
intermediate AlAs buffer. A dual-chamber, solid-source
molecular beam epitaxy deposition system with in-situ
RHEED capability was used for GeiySny, materials
synthesis. Streaky and sharp (2x2) RHEED patterns
along the [110] and [110] azimuths were observed from
the surface of Geos7Snoos, with elongated and intense
primary and higher-order diffraction, particularly
compared to epitaxial Ge, indicative of a smooth surface
morphology. X-ray analysis, demonstrated
pseudomorphic and lattice-matched growth on AlAs and
Ino.12Alo 8sAs buffer respectively, further substantiated by
reciprocal space maps as well as abrupt heterointerfaces
evident from the presence of Pendell6sung oscillations.
High effective carrier lifetimes of 150 ns to 450 ns were
measured at room temperature for Ge1.,Sny epilayers as a
function Sn composition, surface roughness, and layer
thickness. The observed increase in carrier lifetime with
increasing Ge layer thickness and reducing surface
roughness, by incorporating Sn were explained. The
increased carrier lifetime with increasing Sn was realized
by  synthesizing lattice-matched  GeSn/InAlAs
heterostructure as well as pseudomorphic growth of
GeSn on GaAs substrates. Therefore, our monolithic
integration of variable Sn alloy compositional Gei.,Sny
materials with high carrier lifetime opens avenues to
realize electronic and optoelectronic devices.
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