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High carrier lifetimes in epitaxial germanium-tin/Al(In)As
heterostructures with variable tin composition
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DOI: 10.1039/x0xx00000x Group IV-based germaniuttin (Ge.,Sn) compositional materials have recently shown
www.rsc.org/ great promise for infrared detectidight emission and ultribow power transistors. High

carrier lifetimes are desirable for enhancing the detection limit and efficiency of
photodetectors, low threshold cumtalensity in laser, and low tunneling barrier height by
lowering defects and dislocations at the heterointerface of source and chimegtarrier
lifetimes in epitaxial germanium (Ge) and variable tin (Sn) compositiongSBanaterials

were experirantally determined on GaAs substrates using the contactless microwave
photoconductive decag{CD) technigue at an excitation wavelength of 1500 8harp

(2i 2) reflection high energy electron diffraction patterns lawdsurface roughnessere
observed from the surface of thes@&mn.ozepilayer. Xray rocking curves from Gg:Srv.os

and Ge«uSn.ss layers, demonstrated pseudomorphic and lattiaeched growth on AlAs

and In.12Al o ssAs buffer respectively, further batantiated by reciprocal space maps as well

as abrupt heterointerfaces evident from the presence of Pendelldsung oscillditbns.
effective carrier lifetimes 0150 ns to450 ns were measured for G&n, 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
latticeematched Gey sSiv.o/INo.2Al0.8AS heterointerface or pseudomorphic growth of
GexSne on GaAs. Therefore, our monolithic integration of variable Sn alloy
composiional Ga.,Sn, materials with high carrier lifetimes opens avenues to realize
electronic and optoelectronic devices.

_ former!® similar to 1.6% tensile strain in epitaxial

Introduction Ge'*?1 The Ge.,Sn material system offers: (i) a tunable

Alloying tin (Sn) with epitaxial germanium (Ge)G_el'ySn/ bandgap t_>y varying Sn_incorporation while
(i.e. Ge,Sn) during material synthesis offers severgimultaneously maintaining lattieatching with the
advantages, chief among them being that the bandgap§j€rying virtual substrat@.g, InAlAs; (i) carrier

Ge will be converted from an indirect (conduction ba nfinement within Ge,Sry for electronic (e,
minimum located at ivalley) bandgap to a direct® ectronic transport only through the GeSn matevhen

bandgap (conduction band minimum &valley) it has been deposited oriaaige bandgapuffer, such as

materia] which can enhance absorption as well %AILXAS) and photonic i, the different refractive

improve photodetector respadVith the addition of 6 mdiceg of GeySry and Ir;(All.xAs) applications; (ii)
8% Sn alloying, which compensateshe 0.13 eV potential as a source materialGe.,Sn/In,Ga.xAs and

difference bandlwaleysdud tdnaemor@sém”%r heterojunctiosbased, ulalow voltage tunnel

- : - . ;2226 (iv) high responsivity when used as a
h nd minimum of “ nsistor; (iv) g - ; :
rapid decrease in the conduction band um o tplgotodetector materiat 23 (v) compatibility with Si

CMOS technology®#® and(vi), increased mobility due
FV P S ———— — (ADSEL) Brad to a lower effective massni«) (high ON current, and
a vance evices ustainable Energy Laboratory , braaley . . . .
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researchers have beemggressively investigating 6.6
epitaxial Ge,Sn, on Si and Ge/Si!® and Ge,Sn, on ]
amorphous materialdor the development of the next

generation of photodetectors and lasers. However,,>\04: N

a\nyAI' As

16.4

without an intermediate buffer layer between theg 16.2 ~
epitaxial GeySny and the Ge/Si substrate (the lattice o [ | ] <
mismatch betweerseSn andSi), device performance § 00} 6.0
suffers due to theresence of defects and dislocatins it

in the active Gg,Sn, region. In order to mitigate the  -0.4 [ =4 5.8
propagation of latticenismatchinduced defects and
dislocations, a latticenatched buffer layer is o8t el J5 6
recommended so as to improve material quality, and 0.0 02 04 06 08 1.0
hence, te carrier lifetime in Gg,Sn, materials. Thus, (&) Sn (or InAs) Mole Fraction
understanding carrier lifetime as a function of Sn AlAs
composition in GgSn alloys is essential for 15 n Al As

In Al_As
development of more efficieiptoelectronialevices. oz o E.

A reliable photodetector or lasstiructurerecuires a) M, 24Alo 767
an insignificant bandgap change with temperatbje, 1.0
wavelength tunability with minimal change in design .
parameters,)chigh carrier lifetime andeduced lattice ¥§806
mismatchinduced junction leakage current, and d) 0.5F y = 0:125 Ans
increased band offsets between activannel ¢.9, Ga. e B, =217eV
,Sn) and barrier €.g, In,Al1xAs) material. Current ce s lEgL =0.67eV
strategies for Scompatible optoelectronics rely on direct oo0f E /T
growth of SiGeSn or GgSn, on Si substrate, but this (b)
results in a latticenismatch induced defects and
dislocations, whih can severely impact carrier lifetime
as well as junction leakag€arrier lifetimes in GgSn,  Fig. 1: (a) The bandgap and lattice constartsusSn (or InAs)
materials are expected to increase when grown on hattiogole fraction in Ge,Sry (and InAl1xAs) at 300 K and 10 K
matched IgAl 1.xAs intermediate buffers, wherein defects(P) Schematic band alignment of latticetched GgySny/InxAl -
and dislocations can breduced to negligible levelsis xAs_heterostructure_s qf selected Sn compositions at 300K.
: :40-49 vertical daskdotted linein (a) represents the bandgap for 6% Si
opposed to the direct growth of G8n, on Si: Caros d the dastiotted horizontal I s 1
LatticematchedSew, Sn/InAl 1As heterostructures oo s and the dastored norzoma: ine represen's

. . . latticematched compositions of 6% GeSn and.1AlossAs,
can reduce the defect induced junction leakage respectively. The 6% Sn mole fraction correspondsgi@sH(Ti)

increase carrier lifetimeTwo design strategiesre  0.6033 ev, a 0.2 eV reduction (& 300 K) of the direct Ge &
consideed here to improve th8e.ySn, material quality  The correspondingeessis equivalent to ~ 0.827% tensile strain, ¢
compared to direct growth on: i) the thickness of the with a compressive mismatetith respect t@GaAs of ~ 0.96%.
GewySn, epilayer on AlAs/GaAs substrate below the _ _

critical layer thickness, and b) the growth of.G8n, C®94SMos and In.aAloseAs, respectively. Noticeably,
epilayer latticematched to IpAlixAs (no thickness the bandgap of GgSry remains almost constant with
constraints)In both cases, no strain relaxatiomiuced emperature until Sn = 35#ndthe most often targeted
defects will be generated in the G8n, material. SN compositional range for photodetector and laser
Moreover, the growth temperature (although lying withPplications is < 40%, due to the need for diltna

a small window) of the GgSn, materialon In,Al,,As 9rowth temperatures (< 130) and spontaneous Sn
permits another avenue for improving the .(8n, Segregation. Hence, by exploiting the,(Een/InyAl 1.xAs
material quality. As such, these routes provide mdigterostructure, GgSn-based tunablesavelength
tenable mechanisms for synthesy devicequality Ge. Photodetector and laser structures could be realized that
,Sn, materials. would address many of the aforementioned issues, such

Figure 1a shows the bandgap and lattice constant aspyohibitively highdefect and dislocation densities, and
function of Sn (or InAs) mole fraction in GgSn, (or their associated reduction inmority carrier lifetime and

InkAl 1,As) at 300 K and 10 R? 5. 51Thevertical dash [ncrease in junction leakage. The reduced junction
dotted line represents the bandgap for 6% isn leakagecan beachieved by growing a lattiematched
GeyoStos Whereas the dasiotted horizontal line IN<Al1xAs barrier underneath the G&n, active region,
represents the lattiematched alloy compositions forand increasetland offsetdbetween Gg,Sry and IRAlL-

Ge,_Sn
E -

1y

Energy (eV)
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«As (e.g, OEy = 0.4 eV and LEc = 101 eV for In:AlixAs buffers starting from GaAs substratél high
Ge/AlAsY* for electronic transporFigure 1b shows thepurity Ge @merican GMGncorporatedUnited Mineral
schematic of the band alignment of :G&n/InAl1xAs and Chemical Corporation)and 6N highpurity Sn
heterostructure with select&h compositions from 0 to(American GMG Incorporated) elemental source
15% Theband alignment of the starting Ge/APRsind materials were used for this workn in-situ reflection
e-Gelln26Al074As®  heterostructures, experimentalljligh energy electron diffractionRHEED) module
demonstratedia x-ray photoelectron spectroscopgre connected to the HY reactor was used to monitor the

used Moreover, the change infEv was relatively GaAs sbstrate oxide desorption process, and the surface

insignificant compared tolEc with increasing In
compositionsn InsAl1xAs. The high band offsed, LEc
and LEy at each latticenatched Gew.ySn/InAl1xAS
heterostructurgndicatessuperior carrier confinement
Although, extensive work hdseen performed in the
direct integration of GgSn, on Si, there is a lack of
literature on minority carrier lifetimes in GgSn,
materials as a function of Sn alloy compositio

Therefore,this paperhighlights the material synthesis

structural analysi, and carrier lifetimes of epitaxial Ge
ySn, layers on (100)GaAs substrates (with intermedi
AlAs largebandgap buffers) a§) a function of Sn
composition and lattice-matched
Ge&.94SM.0d1N0.12Al 0.89AS heterostructurdji) function of
growth temperature for a nominally fixed S
composition,(iii) Gew.ySn, epilayer thickness, aniv)
surface roughnesyVithout thein-situ growth capability
provided by the interconnected, dutlamber molecular
beam epitax{MBE) process useblerein, the oxidation
of the InAl1xAs virtual substrate prior to GgSn
epitaxy would degrade the heterointerfacialtice

coherence, and thereby introduce deleterious crystall

defects into the GgSn, active regionCarrier lifetimes
of 150 ns- 450 ns were measured for tB&6% Ge.,Sn,

epilayers usingmicrowave photoconductive decay{
PCD) techniqué&® > Considering the many advantag
of the GeySn, material sysgtm, as previously outlined,

wide-spread device applications are possible if devid

quality, tunablecomposition epitaxial GgSn, materials
can be realized through intelligent design of t
underlying high-bandgagn,Al 1..As buffer.

Experimental
A: Materials synthesis

Epitaxial GeySn, layers with varying Sn

compositions from 0% td®% were grown on seRi
insulating (100)GaAs substrates that wetef2towards

reconstruction of the HV epilayers (e, GaAs AlAs,
and graded hAl1.xAs buffen during growth. Likewise,
the surface reconstruction of thegrewn Ge andGe:-
ySn, films wereinvestigated following @.,Sn, epitaxy
and transfer of the sample(s) from the group IV reactor
to the group IHV reactor. Thisin-situ growth and
analysis capability permitted the examination of the
urface reconstruction for representative GaAs, Ge and
S@0SMos samples. Té GaAs substrate oxide
desorption was performed at P&Ounder an arsenic flux
E~1O5 Torr prior to reducing the temperature to 850
or GaAs homoepitaxy.The temperature referred to
herein was the thermocouple temperatubdter the
growth of the 250 nm GaAs homoepitaxial buffer,
ifferent thicknesses of AlAséeFigure 2below) were
grown at 65@C (on aperstructure basis) prior to Ge
ySn, epilayer growth.The 750 nmthick linearly graded
InyAi.xAs metamorphic buffer wagrown at 480°C in
order to balance the different @dm mobilities of
aluminium (Al) and indium (In) on the growth surface.
The overshoot In composition of ~16% was incorporated
in the graded IgAxAs buffer (4 0.03-0.16A 0.12)
or efficient strain redxation After the graded WAl 1.xAs
buffer growth, al5 minute, 580°C annealing step was
implemented under an arsenic flux of <1€orr to

garovide thermal energy for annihilation of lattice

mismatch induced defects. After annealing the graded
«AixAs buffer layer, a constant composition of 0.5 pm
thick Ino 12AlosAs layer was grown at 580, which is

Hgtticematched to a GesSn. epilayer. Each layer

structure was cooled down below 2G0 under a
decreasing Asoverpressureand vacuum (~ 4x1@°
Torr) transferred to the group IV reactor for :Gen,
epitaxyin the temperature ranges from €50 250°C.

The growth rate of the Ge film was calibrated toA/4.

The Sn cell temperature was varied for different Sn
compositiors. After the growth of each GgSn, film

with different thicknesses and Sn compositions, each
sample was cooled down to &0 at a ramp rate of

<110> direction (with or without an intermediate AlA%o~/min prior to unloading from the group IV reactor

buffer layer) using an ultrhigh vacuum interconnected

order to prevent the formation of defects due to the

duakchamberMBE system with separate reactors fQfissimilar therral expansion coefficients between each

group IV and group IV materials.The interconnected
growth chambers minimizéné atome interdiffusion at
the Ge/AlAS® and strained Ge/InAlAs heterointerfacés
GeSn with6% Sn compositionwas grown ongraded

This journal i®© TheRoyal Society of Chemistry 2022

layers studied herdhe déails of the growth procedure
for epitaxial Ge on GaAs as well as on AlAs are reported
elsewhere> 2¢
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The repetition rate of the laser was 10 puls@3islaser
ower at 1500 nm was 20 mW when meas on a
bwer meter where the absorption disk was 20 mm in

diameter. The injection level of carriers is on the order of

d1_012 3. PCD lifetimes were quantified for each Ge

3
yn, %2%%?/ fitti%etﬁeedecay curve after the optical
excitation pulse was eed The details of this

B: Materials characterization

The crystalline quality, Sn composition, and epilay
relaxation of each heterostructure werearacterized
using highresolution xray diffraction (HRXRD). X-ray
rocking curves ife, -2xd s cans) an
recorded using a PANalytical -gert Pro system
equipped with PIXcel and proportional detectarsl a -
monochromatic Cu Kifay Sosce zmeafu.re?%nbt%cgmgue Ica)n be found elsewtere.
The Sninduced strairstate {e., originating from the . .
misfit with the underlyingGaAs, AlAs and InAlAs Results and discussion
materials) in each GgSry layer was determined by HR A: In-situ surface analysis via RHEED
XRD. The strain analysis and composition of each layer _ _ _
after x-ray measurement wereegformed following the  Figure 2 shows the crosgctional schematic @ach
methodsdescribedn Ref. 57. The surface roughness ofPitaxial GeySry heterostructure investigated in  this
seleced samples was determined using a Bruk¥ork. These sample structures were carefully selected as

Dimension Icon atom force microscope (AFM) undé function of Sn composition, buffer layeterial type,
tapping mode Carrer lifetimes were evaluated bythickness of eacBe.,Srylayer, and growth temperature.

microwave photoconductiity decay method, whereinT@ble | shows the Ge.,Sn/lll-V heterostructures
the sample conductivity due to the excess carri diedn this work.These growth parametezsablel us

generated by laser excitation (wavelength of 1500 nff)achieve higibulk carrier lifetime Prior to measung

was monitoredsia the microwave power reflected fronihe carrier lifetime of each sample, surface analysis was
sample The

on selected surface

each sample surface. During measurement, each sarfpl&rmed

Ge 280 nm
Ge 600 nm
AlAs 333 nm
AlAs 21 nm AlAs 250 nm
GaAs 250 nm GaAs 250 nm GaAs 250 nm GaAs 250 nm
(100)/2° GaAs substrate | |(100)/2° GaAs substrate | |(100)/2° GaAs substrate| (100)/2° GaAs substrate

(Al)
AlAs 250 nm
GaAs 250 nm

(A2)

[ GeoniSnose80NM | | (4 0050.1640.12)

GaAs 250 nm

(B)

INg 15Alp ggAS 500 nm

(©)

INg 12Alp ggAS 500 Nnm

In, Al;  As 750 nm

GaAs 250 nm

In Al;  As 750 nm

GaAs 250 nm

(100)/2° GaAs substrate

(100)/2° GaAs substrate

(100)/2° GaAs substrate

(100)/2° GaAs substrate

D)

(E)

F)

(G)

Fig. 2: Crosssectional schematics of the G8n/AlAs/(100)GaAs heterostructures investigated in this wollit:)(280 nm thick epitaxial
Ge layer on 333 nm AlAs buffer on semsulating (S. 1.) GaAs substrate; (A2) 600 nm thick epitaxial Ge layer on 21 nmbAffes;
(B) 100 nm thick Ggo7-Sm.o28 on 250 nm GaAs buffer;Q) 350 nm thick Gee7/Srv.oz on 250 nm AlAs buffer; @) 400 nm thick
Gen.948Sm0.0ss0n 250 nm AlAs buffer layerH) 50 nm thick GesS.os on 250 nm GaAs bufferFG) 350 nm thick Ge«Srv.cs on 500
nm thick latticematchedno.2Al 0. ssAs/InkAl 1.xAs/GaAsbuffer layergrown at 250C and 178C, respectively

(dimensions ~10 mm 10 mm) was placednderneath reconstruction of selected samples was studied using
the waveguideWR42 for 20GHzdimensions 4.3 mm RHEED analysis. It9 one of the most powerfut-situ

i 10.7 mm), and the beam flux at this wavelength filtharacterization techniques used in MBE fa surface

the waveguide. Each sample faces up and the lamsalysis of semiconductors during growth, as well as in
excitation at this wavelength was incident from the tojine determination of epilayer growth rate. In this work,
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Table I: Carrier lifetime in epitaxial Ge 1ySn/lll -V heterostructures as a function of Sn composition.

Sample Label Sn | Buffer/substrate Growth | Ge or GeSn Carrier R2 (linear
(%) Temp ¢C) | thickness | lifetime | regression)
(nm) (ns)
Al (Pseudomorphic] O AlAs/GaAs/2-GaAs 400 280 91.20 0.98504
A2 (Pseudomorphic] O 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/GaAsk°-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 (Latticematched) | 6.0 | Ino.12AlosAs/INAl1xAS/GaAs/2-GaAs 250 350 324.06 0.98155
G (Latticematched) | 6.0 | Ing.12Alo.sAs/InAl1.xAs/GaAs/2-GaAs 175 350 208.94 0.95271

RHEED patterns were recorded at different stages of éplayers’> 2 but with elongated and more intense
growth process in order to understand the surfatiffraction, suggestiveof more uniform surfaces with
morphology of the agrown Ge and Gg:Smoes lower surface roughness.

materials. The surface reconstruction of (h@0)GaAs
substrate, epitaxial Ge, and epitaxial &80z was
examined usingn-situ RHEED analysis during growth,
as shown irFigure 3 Figure 3(i)shows a representative
RHEED pattern obtained from the surface of
(100 GaAs substrate (or homoepitaxial layaldpng the
[110] and pprt azimuthal directions, which exhibited a
streaky (2x4) surface reconstruction. Fréigure 3(i),
one can find that the main and higieeder diffraction Ge (2-fold), [110] 1
points exhibited a high degree of elongation and relativ hid

intensity, indicativeof a smooth surface morphology
during growth.Figures 3(ii) and 3(iii)similarly display
the RHEED patterns from the surface of Ge andg
Gey.o7/Shv.os epilayers, respectively, recorded along the
[110] and ppmt azimuths. An unintentionalygoped
epitaxial Gelayer deposited on the (2x4) reconstructeg
(100GaAs surface exhibited a streaky (2x2) surfacqEadISCRELET N IECTEUTNCCU NN
construction, comparable to that of RHEED pattern:
reported earlief> > and likewise indicative of 2D growth
and a smooth surface morphology? As the grougVv
and group IHV MBE reactors used in this work were
interconnected via an ultrahigh vacuum transfer
chamber, the epitaxial GgSn layers were also Fig. 3: The in-situ RHEED patternsirom the surface of (i) i
transferred to the group W reactor for RHEED surface epresentative (100)GaAs substrate, (i) epitaxial Ge, and
analysis posgrowth. Streaky Bd sharp (2x2) RHEED epitaxial Geo:Sros (Sample C) on AIAsK00GaAs along the
patterns along the [110] andptm azimuths were azimuth of [110]. The RHEED patterns exhibited streaky @ and
observed from the surface of the o@Smn.03 grown on (2i 2) surface reconsictions from the surface 01Q0GaAs, and
(lOO)GaAS with an intermediate AlAs buffer |ayer1 asse or GeorSr.os respectively. Similar 22) RHEED pattern:
shown inFigure 3(jii). In addition, the elongation andWere obtained from the te_nsﬂnzrained Ge epilayer surface groy
relative intensity offie main and higheorder diffraction ©" & "Ga-xAs metamorphic buffel5, 57]. The sharp and streal

points on the G S essurface were found to be greatelRHEED patterns ere indicative of higlguality Ge e7Srv.ozepitaxy

. .with a smooth surface morphology.
than that seen in the Ge (2x2) surface reconstruction prology
pattern, suggesting a smoother and more uniform surface

morphology on the former, which will be validated using: Surface morphology via AFM

AFM analysis. Hence, the RHEED obsgryations of th&aracterization of surface roughness and demonstration
Ge.o'Snv.odAlAs heterostructure show similar RHEEDQ)¢ ¢\ 00th surface morphologiassing AFManalysis, is

patterns to those of unstrained and strained G€ey indicator for pseudomorphic and metamorphic

GaAs (2-fold), [110] GaAs (4-fold), [ ]
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Al  20mm = [1:10)

— [110]

R,=4.08 nm REEL

e [1-10]
20mm e

R =4.08 nm
10 q R =0.889 nm
0 5 10 15 f
180 Position (nm) 5 10 15 20
Position (mm)

20mm — [1-10]

— [-110]
36:0‘ “"\"“,0: NO 6 iwl

Rq =0.849 nm

N 5 10 15 20
Position (mm) Position (mm)

Fig.4:AFM micrographs and correspondi ng?epitaxme280mm Gd (Al), 609 nn GedAR), 1
nm Ge.97:Smn.02¢(B), and 350 nm GeSmoz( C) | ayer s, demonstrating an RR/MBanar@(Sqahp
C; G@&.97Sm.09. A uniformly smooth surface morphology with a maximum peakalley height ofD6 nm was likewise observed.

heterostructures. In the previous section, the obser 'dCOm ositional and structural analvsis via
Gea.97Sn.o3 RHEED patterns suggested a smooth surface p y

morphology for the Ges:Smy.esfilm, more so than that of XT@Y analysis
the Ge surface due to the elongated and intei$g, 97Sn psdGaAs and Ge 97Sn.odAlAS
diffraction observedrigure 4shows the 20 prh 20 um  heterostructures - The Ge,Sn/AlAs (or GaAs)
AFM micrographs and corresponding line profiles tak@terostructure crystal quality, Sn composition, and
along the two orthogonal [110] directions and recordggijayer relaxation and strastates were characterized
from the surface of 280 nm Ge (A1), 600 nm Ge (A2)ysing HRXRD analysis. Xray rocking curvesie., -2¥d
100 nm Geg7Shv.ozs (B) and 350 nm GeSmvos (C).  scans) were recorded using a PANalyticabé¢t Pro
The superior surface  morphology  of  thgystem equipped with PIXcel and proportional detectors.
Ge&.97/Sn.odAlAs/GaAs heterostructure, with a root meaRigure 5 shows the-say analysis of epitaxial Ge:Srv.os
square fms) roughness of 8.89 A, in contrast to the 3.8yers grown on00GaAssubstrates (a) without and (b)
nm or 4.08nm rms roughness of the Ge/AlAs/GaAsyith an intermediate AlAs buffer layer by MBE. This
structures, suggests surfactamdiatedike growth |arge bandgap AlAs buffer is expected to serve as a
kinetics during incorporation of Sn into the «¢8n, parallel conduction barrier layer (for carrier transport), or
epilayer. The GgySm.ossurface roughness observed ifs the epitaxial release layer for the-iff of the
this work was found to bie agreement with similar Ge gyerlying Ge,,Sn, epilayer from the GaAs substrate.
ySry surface morphologies reported in Refs9,[80. Figures 5(a)and 5(b) show the experimental (measured,
Although reduced GgSn, growth temperatures, such aged) and simulated (blue)ray rocking curves for the
those used in this work, would limit the surface adat%_97§m_02d(1OQGaAS and
mobility, in turn lowering the surface roughness, it is alggy, ,.Sn, /Al As/(100GaAs heterostructure,
expected to promote point defetts® Therefore, a respectively, revealingabrupt interfaces for each
higher growth temperature would be preferable in ord@sterostructure as indicated by the presence of
to mitigate the point defects at the cost of an increaseighdellgsung oscillations. In addition, reciprocal space
surface roughness. In the current work, no attempt Wagps (RSMs) of these structures show the reciprocal
made to optimize the surface morphology as a functiggice points (RLPs)contours of the G&:St.os AlAs,
of growth parameters, such as growth temperatusfd GaAs laites. The @separation of the Res in the
growth rate, Sn content, or thicknest the GeySry  (004) RSMs show the compressively strained nature of
epilayers. However, the lowms roughness of thethe Ge.,Sn, epilayer with respect to either the GaAs
Gen.o7Sivos Surface suggests a high crystalline quali§pstrate or AlAs bufferThe RLPs of the different
with high carrier lifetime. constituent materials were found to be in alignmemmal

the Q-axis, indicating the fullstrained i,

pseudomorphic) state of the §a¢Smn.os epilayer. It
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0.72

(004) (115)
7 0.89 -
i=
>
£ S
3 = 0.88f
> e
2 (04
c
&
= 0.87k
1 1 1 O6Q 1 : 1
32.6 32.8 33.0 33.2 -0.010 -0.005 0.000 0.005 0.010
w-2q (Degree) Q, (rlu.)
(a) 100 nm Geg g7,SNg ¢26/(001)GaAs
— Meas (004)
) AlAs
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(b) 350 nm Geg ¢7SNng /250 nm AlAs/(001)GaAs

Fig. 5: X-ray rocking curves of measured (red) and simulated (blue) (aySe.o2son (L00)GaAs(Sample B) as well as (b) GaS.o3
on (100GaAs (Sample Cyvith an intermediate AlAs buffer layer, showiRgndellésung oscillations indicative of superief{sn, material
synthesis and smooth heterointerfacegmmetric (004) and asymmetric (115) reciprocal space maps of the:S®o2s (Gen.o7S.03)
epitaxial layers on100)GaAs substrates, revealing pseudomorpieierointerfaces as shown by thealignment of the GaAs, AlAs, ar
GesSn reciprocal lattice contours in both the (004) and (115) sthasGe.,Sr, peaks show a smaller Bragg angle than fl9)GaAs
substrate, indicating a larger enftplane and smadk in-plane lattice constant. The compressive stséite of the GgSn, epilayer was
determined to be ~ 0.53% with respect to @) GaAs substrate. The correspondargsnis equivalent to ~ 0.44% tensifgrained Ge.

should be noted that the Ilow misfit of théayer Fig. 6b further confirms the lattiematched
~Ge 9:Sn odAlAs system,besidesthe limited 100 nm GeysSh.e/INo.12Al0.ssAS heterostructure where the RLPs
and 350 nm GgSn, thickness, permitted the growth obf both G@«Sn..s and In 1Al AS layers are on top of
these fullystrained heterostructures absent e@efch other.The overshoot In compositionf 16%
quantifiable relaxation. As such, one should not expechbedded intdinearly gradedin.Al1xAs buffer (below
latticee-mismatchinduced defects at the heterointerfacéise In.12AloeAs RLP) is to relax the gradddyAl1xAs

of the Ge.ySn/AlAs or GaAs system for low Sn buffer layer.Further examination of (115) RSM (Figh)
compositonf O 3 %) . Similar analysis was performed on

a 400 nmthick Gew,Sn, epitaxial layer grown on GaAs

with an intermediate 250 rihick AlAs buffer.

Geo.oSmo.os/IN0.12Al 0.88AS/IN XAl 1-xAS

heterostructurei Figuressaand6b show the recorded

symmetric (004) and asymmetric (115) RSMs,

respectively,from the Ge uS.e/INo.2Alo.sAS/INAI 1.

xAs/GaAs structure,highlighting the RLP centroid for

each epilayerThe Sn composition from the measured

RSMs was found to be6%. HR-XRD data reveal that

the 350 nm thick GeuSv.s epilayer is indeed lattice

matched with respect to the lpAl o As virtual substrate

(VS). As can be seen from the symmetric (004) RSI\éig. 6: RSMs taken along the (a) (004) and (b) (115) orientati

shown in Fig. 6a, 'the inplane |at'FIce constant of e RsMs support the lattioeatched epitaxy of 350 nm thic
GeuSnes layer is matched with the UpPMOStGeuSmes on InrAlesAs buffer layer, which is expected
composition 19.12Al 0. ssAs of the graded WA\l 1xAs buffer increase the carrier lifetime in GeSn layer (Table I, Sample F).
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