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We have investigatedthe influenceof the growth parametersduring molecularbeamepitaxy on the realizibility of diamond
crystal structureGe/a-Snalloys andsuperlatticeson Ge(001)substrates.The segregationbehaviourof Sn during Ge overgrowth
hasbeen studied.We find that for growth temperatureshigher than 300°Cthe incorporationratesare less than0.005 ML ‘. The
low-energyelectrondiffraction data of a seriesof Ge

09Sn01 films depositedatsubstratetemperaturesin therangeof 185 to 275°C
indicate a transition to amorphousgrowth for thicknessesbeyond 20 A. Single-crystalGe0Sn,,,superlatticeswith a-Sn layer
thicknessesm of 1 and 2 monolayersand periodicities n + m between 10 and 22 monolayershave been fabricatedby an
unconventionalmolecular beam epitaxy technique which involves large substratetemperature modulationsduring growth.
Structural characterizationof the samples by meansof transmissionelectron microscopy, Raman spectroscopyand X-ray
diffraction exhibits distinct superlatticeeffects. The downward shift of the fundamentalenergygap of the superlatticeswith
increasingSn content,as extractedfrom absorptionmeasurentswith a Fouriertransform spectrometer,is in excellentagreement
with theoreticalvaluesobtainedfrom pseudopotentialbandstructurecalculations.The films werefound to be stableagainstphase
transition up to temperaturesof 430—465°C,dependingon theaverageSn Content.

1. Introduction achievethis goal concentrateson the synthesisof
short-periodSi/Ge superlattices(SLs). As pre-

One of the most fascinatingideas in modern dictedby GnutzmannandClausecker[1] in 1974,
semiconductorphysics representsthe realization these structures should possess a quasidirect
of a direct energy-gapmaterial basedon group band-gapwhich originatesfrom artificially break-
IV elements.Stimulated by the developmentof ing the cubic symmetry of the constituentele-
growth techniquessuch as molecularbeam epi- ments and folding back the lowest conduction
taxy (MBE) during thepastfew yearswhich allow bandstateinto the F point. Although thereexists
precisecontrol of layer thicknesseson an atomic experimentalevidencefor newoptical transitions
scale mostof the experimentalwork in order to obtainedfrom electroreflectance[21andphotolu-

minescencemeasurements[31which supportthis

concept the optical oscillator strengthsof suchPresentaddress:Room 1C-417 AT&T Bell Laboratories
600 Mountain Avenue, Murray Hill, New Jersey07974, SLswith appropriatelayer thicknessesandstrain
USA. situationsareexpectedto bevery small compared
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10 rect and indirect” which appearin fig. 1 arealso

075 Sn
0Ge1.~ / expectedfrom ab initio pseudopotential[81and

/ - I tight-binding calculations in the virtual crystal
0.5 -~4~ . approximation(VCA) [91.However, the “direct

gapwindows” predictedby theseauthors(0.2 <x
oO25 — —

<0.6 and 0.26<x <0.74, respectively) differ
0 --i. - - -- — slightly from that indicatedin fig. 1.

The possibility of obtaining a semiconductor
0.25 - semimetal direct dt with a direct band-gapadjustablefrom 0.5 eV

05 I to zero by growth of Ge1_~Sn~alloys with an
10 075 05 0.25 appropriateSn contentx offers the potential for

• . . . the fabricationof long-wavelengthdetectorsand
Fig. 1. Linear interpolationof the energydifferences17 15
and L5 —. ~ betweenthe bulk bandstructuresof a —. Sn and light emitting deviceswhich haveso far predomi-
Ge. The arrangementof the relevantbandsfor a series of nantly beenmadeof Ill/V and Il/VI compound

hypotheticalGe1 - ,.Sn~alloys is also indicated, semiconductors.Furthermore,as alreadypointed
out by Goodman [101 in 1982, such structures
should show very high carrier mobilities due to

to intrinsically direct energy-gapsemiconductors the absenceof polar scattering.In addition, the
like GaAs(see,for example, refs. [4—61). large difference in the electron mobilities at the

Brillouin zonecentreand at the L-point [k = (1,
1.1. Band structureof Ge1, ,Sn1. alloys 1, 1)1 as sketchedin fig. I should be favourable

for observingthe Gunn effect associatedwith an
On the other handas visualized in fig. 1 by a electron transferfrom the high-mobility region in

simplelinear interpolationbetweenthe bulk band k-spaceto the low-mobility region[81.Especially
structuresof a-SnandGe,alloying of Ge with Sn interestingwould be the situation when the 1/
shouldyield a materialwith a fundamentaldirect minimumjust touchesthe T’~valenceband(x
energy-gapfor Sn contentsin the rangeof about 0.7) since in this case both bands would show
20% to 70%. This is a consequenceof the un- infinitely small effective massesdue to their in-
usual band orderingat k = (0, 0, 0) of the dia- finitely high curvatureat k = (0, 0, 0) [8,101.
mond structure semimetallic a-Sn phase(grey
tin) as was establishedby Groves and Paul [71in 1.2. Problemsin Ge1 . 1Sn1 crystalgrowth
1963. In a-Sn,the large interactionbetweenthe
overlapping F~and F1~ bandswhich form the It is well known that bulk tin undergoesa
direct gap in Ge leads to an inversion of the phasetransition from the diamond structure a

curvature of thesebands in comparisonto the phaseto the metallic body centred f3 phasewhen
other group IV semiconductors.in this way, the a temperatureof 13.2°Cis exceeded[11]. How-
“light hole” F/ band transformsinto a conduc- ever, Ewald [121reported already in 1954 on a
tion band,whereasthe F~ stateswhich are lo- distinct increaseof this transition temperatureof
catedabout0.3 eV below the valenceband edge single-crystalline a-Sn samples containing 0.75
becomea filled valenceband. Becausethe F~ wt% Ge to valuesabove60°C.A further increase
conduction band has to be degeneratewith the to 70°Cwas observed when it was possible to
heavyhole bandof the samesymmetry at the F prepareepitaxial a-Snfilms on the closelylattice
point, a-Snis sometimesreferredto as a symme- matched InSb and CdTe substratesby MBE
try inducedzero-gapsemiconductor. nearly 30 years later [131.The highesttransition

Although the assumptionthat the energetic temperaturesof epitaxially stabilized a-Snwhich
positionsat the critical points of the bandstruc- have been achievedso far with thesesubstrate
ture vary linearlywith compositionlacks justifica- materialsare about 130°C[14,15]. Analogously,
tion, the threeband-gaptypes “semimetallic, di- the stability of Gel_kSn~alloys should he criti-
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cally dependenton their epitaxial registry on a sionalgrowth only occurs for film thicknessesless
diamond structuresubstratematerial, than 5—30 A for 1 > x> 0.2.

Mostof the growth of such substrate-stabilized Unfortunately, two further difficulties haveto
alloyshasbeenattemptedon [0011orientedCdTe, be overcomebeforehigh-qualityGe1_xStlx alloys
InSb and Ge. A recentoverview of theseefforts with the desiredproperties,i.e. a tunable band-
hasbeengiven by Fitzgeraldet al. [161.Although gapbetween0.7 eV andzero,canbe synthesized.
relatively thick Sn-rich alloys (x> 0.9) pseudo- Firstly, in contrastto the Si/Ge system,which is
morphic to the two former substratematerials completelymiscible, the solid solubility of Sn in
with excellent crystallinity have been reported Ge is limited to about 1%. Secondly,Sn has a
[171,the useof Ge assubstrateis preferredfrom pronouncedtendencyto segregateon the surface
the technologicalpoint of view. Since the lateral of the growing Ge1 xSnx film evenat substrate
lattice constantof Ge can be also obtained by temperaturesas low as 1, = 150°C[241. These
growth of thick fully relaxedSi1 ~Ge~layerscon- problems emphasize the necessity to realize
tinuously gradedfrom x = 0 to 1 on Si(001) sub- growth conditionsfor Ge1 ~Sn~/Ge(001) struc-
strates[18,191,this would offer in principle the tures far away from thermodynamicequilibrium
potential for the integration of Ge/a-Sn het- which arenot practicallyachievablewith conven-
erostructureswith the highly developedSi tech- tional MBE systems.It is thereforenot surprising
nology. that, to our knowledge,experimentalevidenceof

One of the major problemsin the fabrication a materialwith andfundamentalenergygap be-
of single-crystalGe/a-Snheterostructures,how- low that of Ge hasonly be reportedfor Ge/a-Sn
ever, is the largedifferencein the intrinsic lattice heterostructureswhich havebeenpreparedby a
constantsof Ge(a = 5.658A) anda-Sn(a = 6.489 novel growth technique[25—271.
A). This results in a misfit f, definedby (a5 — In this paper we report on the limitations in
af)/af(aS and af denote the bulk lattice con- structural design of Ge/a-Sn heterostructures
stantsof substrateand film material)of — 12.8% which can be preparedby MBE on Ge(001)sub-
for pseudomorphicgrowth of a a — Sn layer on strates.We concentrateon short-periodGe/a-Sn
Ge substrate.In comparison,a Ge film pseudo- SLs and comparethe optical propertiesof these
morphic to a Si substrate has to be laterally structureswith theoretical predictions obtained
compressedby only — 4%. Assuming Vegard’s from band-structurecalculations. The paper is
law, whichmeansthat the relaxedlattice constant organizedin the following way: in section 2 the
of Ge1 xSflx canbe calculatedby linear interpo- experimentaldetails of the growth apperatus,as
lation betweenthe lattice constantsof a-Sn and well as of the characterizationintstrumentsare
Ge, a lattice mismatchof about —3% is obtained outlined; section 3 first describesthe incorpora-
for an alloy with only 20% Sn content pseudo- tion behaviourof Sn during Ge growth, which
morphic to Ge. Taking this value into account, turns out to play a crucial role with regardto the
the maximum critical thickness for coherent realizibility of alloysand SLs basedon thesetwo
growth of such structures(x> 0.2) according to elements(subsections3.2 and 3.3) and then dis-
the equilibrium theory after Frank and Van der cussesthe optical propertiesand the structural
Merwe [20] and Matthews and Blakeslee[21] is stability of thelatter structures;section4 contains
expected to be less than 25 A (see appendix). conclusions and prospectsin view of future re-
Providedthat the onsetof relaxationis retarded, quirements which could enlarge the range of
as in the caseof strainedSi/Ge heterostructures, achievableGe/a-Snheterostructures.
metastableunrelaxed Ge08Sn02 films on Ge
shouldnotexist for thicknessesaboveabout30 A
[221.This is confirmedby Gossmann[23], who has 2. Experimental techniques
studiedthe growth morphologyof such layerson
Ge(001)by in situ reflection high-energyelectron All of the samples for this study were de-
diffraction (RHEED) and finds that two-dimen- posited on [001] oriented Ge substrates(50 (2
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cm) using a custom-built MBE systemequipped about 2.8 A. Raman spectroscopicalmeasure-
with in situ low-energy electron diffraction ments were carried out in 001(110/110)001
(LEED) and Augerelectron spectroscopy(AES) backscatteringgeometryat 77 K usingthe 568.2
surfaceanalysisinstruments.Prior to the Ge/a- nm line of aKr~laseranda conventionalRaman
Sn heterostructuregrowth,a Ge buffer layerwith set-upwith triple grating spectrometerequipped
a thicknessof about 200 A hasbeen deposited with a photo-diodemultichanneldetector.X-ray
following a special temperatureprofile, which spectrawere measuredusing Cu Ka radiation
involves coverageof the substratewith about 10 anda double crystal diffractometer.The infrared
A at 7~= 200°Cand subsequentramping up the absorptionmeasurementswere performed on a
substratetemperatureto 450°C.This procedure BOMEM DA3.02 Fourier transform infrared
is necessary,due to the volatility of the oxides (FTIR) spectrometerequippedwith a LN7-cooled
formed by Ge which preventsin contrast to Si lnSb photodetectorand a continuous-flowcryo-
[28] sufficient protection of the Ge surfaceby a stat.
passivatingchemical oxide layer. However, it al-
lows to cover residual carboncontaminationon
the order of a few percentof an atomic mono- 3. Resultsand discussion
layer(ML) of the starting surfacewhich are still
present after chemical precleaningand in situ 3.1. Sn segregation
oxide removalby thermaldesorptionat L, = 720°C
for 10 mm. In addition, the Ge buffer provides In order to investigate the segregationhe-
the cleanand planarsurfacerequiredfor defect- haviour of Sn on Ge(001) during MBE at low
free, epitaxial growth of the subsequentlayers substratetemperatures,the following experiment
[29]. Ge and Sn were bothevaporatedfrom con- was performed. A Sn adlayer of 3.12>< l0’~
ventional Knudsen-typeeffusion cells using py- atoms/cm

2 which correspondsto 0.5 ML was
rolytic boron nitride (PBN) crucibles. Typical depositedat T~= 270°Cand the intensity I~of
temperaturesof 1140 and 880°Cfor the Ge and the Sn(430 eV) Auger line was recorded. This
Sn ovens

1 respectively, lead to growth rates of layerwas then overgrownby 100 ML of pure Ge
about 5 A/mm at a backgroundpressurein the at a constant substratetemperaturewhich was
upper 10H mbar (base pressure <3 x 10° varied from room temperatureto 460°C.Simul-
mbar) range. The growth rates were calibrated taniouslythe Sn AES intensitywasmonitored in
with a quartzcrystalmicrobalance.The substrate intervals ranging from 5 to 20 ML. It should be
holder is in thermal contactwith a cooling tank mentionedat this point that re-evaporationof Sn
throughwhich liquid nitrogen is passed.In corn- can be neglectedwithin the whole range of 7,
binationwith a tantalum heaterwhich is directly usedin this study, sinceno changeof the Sn AES
located behind the substrate, this allows rapid intensitycould be observed,evenwhen a growth
temperaturevariations.The substratetempera- interruption of several hours at 1~= 460°Cwas
ture during growth was controlled via a thermo- introducedbefore Ge depositiontook place.Fig.
couple which was previously calibrated with ci- 2 shows the Sn Augerintensity normalizedto the
ther a pyrometer(450 < L, <900°C)or by press- initial intensity Jo as a function of the Ge cover-
ing anotherthermocoupleonto the sample sur- agefor selectedsubstratetemperatures.The bro-
face, ken line which coincidesvery well with the exper-

Cross-sectional transmission electron mi- irnental valuesfor room temperaturedeposition
croscopy (TEM) specimenswere prepared in and also for growth at 77°Creflectsthe expected
K 110) orientation. Bright field, lattice imaging, Sn AES intensity decreasefor an ideal het-
andselectedareaelectrondiffraction (SAD) were erostructure,i.e. for an atomically abrupt inter-
performed in a JEOL 200CX microscope face betweenthe Sn and Ge layer without Sn
equipped with a high-resolution side entry go- segregation.In order to determinethe amount of
niometer offering a point-to-point resolution of Sn which segregateson the Ge surface from
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the substratetemperatureto valuesabove400°C,
1.0 -l however, is accompaniedby the occurrenceof

~ ~ ML . T~=31i’C additional spotsin the LEED patterncharacteris-

~ 0.8 • • tic for islandformation andfacetting. In contrast
0 0 0045 ML’, 243’C to the samplesgrown at T

5 <400°C,the surface
.~ 0.6 • of thesesamplesis no longermirror-like. Optical

. -~ inspection undera microscopeexhibits the for-
- 04 0009 ML . 225’c mation of small dropletswhich maybe dueto Sn
0 0013 ML’. 207’C precipitationand subsequentphasetransforma-

0.2 0 tion.

0.0 1ML’,77’C — 179’C 3.2. Ge1— xS~2xalloys

Ge thickness (ML) The usualmethodof growing an alloy layerby
Fig. 2. Augerintensityof a 0.5 ML thick Sn layer(430eV line) meansof MBE is to adjust the appropriateflux
on Ge(001) as a function of Ge coveragefor different sub- ratesin order to achievethe desiredcomposition
strate temperaturesT normalizedto its initial value. The andthen to allow bothmaterialsto arrive on the
lines representthe calculatedintensity decayfor various in-

corporationratesk. samplesurfacesimultaneously.Provided that the
simplemodel of a constantSn incorporationrate

Augerdata,we assumethat for a given substrate from an adlayer also holds for growth of
temperature,a constantrate k of the Sn atoms GeixSnx alloys, initially only a fraction k of the
within the adlayer incorporateinto the growing nominal Sn concentrationx is incorporatedin
Ge film. An analogousmodel hasbeenpreviously the layersanda surfacereservoirbuilds up. Since
appliedby Iyer et al. for studyingdopantincorpo- this model assumesthat the driving force for
ration in Si [30] and recently by Wilhelm et al., incorporation increasesas more and more Sn
who investigatedthe segregationbehaviourof Sb accumulateson the surface,the Sn contentof the
during Ge epitaxy [31]. The solid lines in fig. 2 alloy layer finally approachesits nominal value.
correspondto the calculatedSn AES intensities. The equilibrium adlayer thicknessin monolayers
Best agreementwith the measuredvalues was at which the Sn incorporation rate equals its
obtained for the incorporationratesk indicated arrival rateis given by x/k. The resultingconcen-
in fig. 2. The strongdecreaseof the incorporation tration profile for a 350 ML thick alloy with
rate with increasingsubstratetemperaturedem- x = 0.1 and an incorporationrate of about 0.06
onstratesthe pronouncedtendencyof Sn to seg- ML— ~, whichcorrespondsto a substratetempera-
regateon the Ge surface.Even at a temperature tureof about 180°C(see fig. 2), is depictedin fig.
as low as 179°C,only about 6% of the Sn atoms 3. The nominal Sn concentration of 10% is
are incorporated into each growing Ge mono- reachedat an alloy layer thicknessof about 60
layer. ML. The amountof Sn which rideson the surface

In additionto theseAES investigationson the at this coverage is approximately 1.7 ML. As
segregationbehaviourof Sn, LEED was applied deposition continues this Sn adlayer thickness
tojudge the crystallinequalityof the films. In the remainsconstantand Sn concentrationsof 1.0
temperaturewindow of about 310 to 400°C,we and 0.7 areobtainedin the topmost (350th ML)
obtain sharp diffraction spotsafter 100 ML Ge and subsurfacemonolayer(349th ML), respec-
overgrowth. Similar to previous studies of the tively (fig. 3). In the inset of this figure the
growth morphologyduring Ge homoepitaxy[32], expecteddecayof the Augerintensityratio ‘Ge(~~

a distinct broadeningof the LEED spotsrelated eV)/I~~(43OeV) of sucha structure(solid line) is
to an enhancementof the surfaceroughnesscan comparedwith that of an alloy with a constantSn
be detectedwith increasingGe coverageat sub- content of 10% throughout the whole layer
stratetemperaturesbelow 3 10°C.An increaseof (dashedline).
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It is obviousthathigh-quality Ge1,,~Sn.,crystal
Ge0 9Sn0,

growth canonly be expectedfor an adlayerthick-
ness which is less than the critical thicknessof (0 T :185

0C~J\\\

pure a-Snon Ge(001).The latter hasbeendeter- 225°C ~ ML

mined to be of the order of 3—4 ML. At this 275°C~~/

thicknessthe intensity of the LEED reflections —

.~ ~ 7 MLfrom a-Sn layersdepositedat different substrate .~ ~ 3ML

temperatures(20 < 7~< 130°C) drastically de-
creases. ! J~J~ji~ 2ML

In combination with the results given in the
previoussubsection,theseconsiderationsempha- 1 ML

size the necessityto lower the substratetempera-
ture to valueswell below 310°Cin order to meet
the condition x/k <4 ML for alloy compositions

Ge buffer
exceedingthe solid solubility limit (x 0.01). For
this reasonthe substratetemperaturesfor deposi- I
tion of a seriesof Ge

09Sn0 films of 7~= 185, (11) (10) (19)
225 and 275°Chave been chosen. The Auger Fig. 4. LEED intensityprofiles (E~= 44 eV) recordedduring

intensity ratios ‘Ge/IS,, recordedduring growth depositionof Ge119Sn,,,alloy layers. The substratetempera-
of the sample at 7’~= 185°Chavebeenincluded tures 1~are indicated.

in the inset of fig. 3. These data exemplary
demonstratethat the concentrationprofile which
one would expect for this substratetemperature were recordedduring growth of the first mono-
from the growthmodel hasbeenindeedachieved, layersof thesestructures.With increasingalloy
Fig. 4 shows the LEED intensity profiles which thickness,a continuousdecreaseof the spot in-

tensitiesis observable,indicating a transition to
amorphousgrowth.A comparisonof the intensityprofiles of the threesamplesafter growth of 11

1.0 ‘~ 100
0) ML clearly shows that this loss of crystalline

(0
C — order is further acceleratedwhen reducing the

~0.9 ~
Cl) 10 substratetemperaturefrom 275 to 185°C.Suc-w

C cessfulsynthesisof Ge1 ~Sn~films cantherefore
gO.8 ~ ________

be excluded for even lower substratetempera-g ~ 10 100
0 7 ; coverage(ML) tures.

_______ From theseresultswe conclude that the re-~
~e0gSn01~ ¶ quirementson the growth parametersfor single-

,L...L.. crystal alloy layerswith x � 0.1 on Ge(001)sub-
00 0 20 40 60 86”350

strates are not compatible with conventional
coverage(ML) MBE. Further investigations should therefore

Fig. 3. Calculated distribution of Sn within a nominal concentrateon the effect of structural modifica-
Ge,,9Sn01alloy layer of 350 ML thickness.The underlying tions, e.g. modulatedlayer sequencesas well as
growth model assumesa constantincorporationrateof 0.06
ML—’ from a Sn surfaceadlayerwhose equilibrium thickness on growth methodswhich supportdepostitionfar
after growth of about 60 ML is close to 1.7 ML. The inset away from thermodynamicequilibrium.
showsthe intensity ratio of the Ge(47eV) to theSn(430 cV)
Augerline normalizedto theirbulk intensitiesas a functionof 3.3. Ge/a-Snsuperlattices
coveragefor the calculatedconcentrationprofile (solid line)
and the nominal structure(dashedline). The experimental

The idea to fabricate Ge/a-Snsuperlattices
data points have beenobtainedduringdepositionof a Corre-

spondingstructureat j~= 185°C. insteadof alloy layersis to overcomethe problem
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of Sn segregationat typical substratetempera- substrate temp.
tures for crystalline Ge growth by adjustingdif-
ferent growth parametersfor the two material 2300c -

species. Since high-quality Ge deposition de-
mands substratetemperatureson the order of ~
300°C,and substantialSn incorporation occurs /.

only below 100°C,it is essentialto modulateT
5

over a wide rangewithin onesuperlatticeperiod. 0 5 10 15 20
time (mini

3.3.1. Structuralcharacterization Fig. 6. Variation of 77, during growth of a Ge20Sn2SL. The
In order to optimize the substratetemperature hatchedregionsmark the timeswhen either the Ge or the Sn

shutterwasopen.profile during growth of superlatticesbasedon
Ge andSn, a set of sampleseachconsistingof an
alternatingsequenceof 2 ML Sn and20 ML Ge ratios for differentsubstratetemperatureprofiles
(Ge20Sn2)has been prepared.Fig. 5 compares divergewith increasingGe coverage.It is impor-
the ‘Sn/’Ge AES intensityratios recordedwithin tant to note that Sn growth took placeat the first
the first period of such structuresdepositedat temperaturevalue indicatedin fig. 5, whereas7[~
different substratetemperatures.Whereasthe in- was kept almost constantat the lower value of
creaseof ISn/’Ge during growthof the Sn layer is the given temperatureinterval for the first 8 ML
almost identical for the threesamples,the AES of Ge deposition. Subsequently,the substrate

temperaturewas increasedto the highervalue.A
______________________________________ typical temperatureprofile is shown in fig. 6 for

o T, = 10/10 .150°C the caseof T5 = 95/50—230°C.As a referencefor
0 95/5o~230°C the AES analysis, we have also deposited an

p

~~ D150/15~36150/15O.365°CI ‘ equivalentstructureat a constanttemperatureofafter onnealing__J — 26°Cwhere diffusion and segregationeffectsare negligible. Comparisonof the AES signalsI
-S-.. ~, with thosemeasuredduring growth of the refer-__________________________________ encesamplerevealsthat independentof the tem-_______________________________ perature for Sn deposition (—26 < T, <150°C),

sharpGe/Sninterfacesareobtained.In contrast,
05 05

segregation plays a crucial role when Ge over-
o.o . growth takesplace as can be seenfrom the Sn

- 027~ 1’ ~ oi concentrationprofiles depictedin the bottompart
g 0 o.b. of fig. 5. The latter have been calculated by

(I) Ic 0 I~ employing the Sn incorporation model already
I 0 11 ~i discussedin subsection3.1 with the exception

00k I I I that the incorporation rate k was allowed to
0 2 4 6 8 10 12 14 16 18 20 22 264

decreasewith increasingGe coveragein order to
coverage (ML)

takethe rise of T5 into account.For the superlat-
Fig. 5. Ratioof theAES intensitiesof the Sn(430eV) and the tice structuresdepositedin the substratetemper-
Ge(47eV) line asa functionof coveragein the first, andafter
completion of the 12th, period of Ge20Sn2 SLs grown at atureintervals of — 10 < T~< 150°Cand 50 < T~
different temperatures.The first indicatedsubstratetempera- < 230°C,bestfit to experimentaldatais obtained
turescorrespondto Sn growth,the secondtemperatureswhich for a Sn contentof 3% and 10%, respectively,in
were changedfrom the lower to the higher value to Ge the topmost layer, which correspondsto at least
growth. Best fit to experimentaldata is obtainedfor thegiven 95% incorporation within one superlattice pe-
Sn concentrationprofiles.The increaseof the I~,/1o~signal
due to annealingof an amorphousGe20Sn2SL (1 = —26°C) nod. As the substratetemperaturesare further

for 10 mm at500°Cis indicatedby the filled circle, increasedto 150 < 7’, < 365°C,a Sn adlayerof
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more than half a monolayerremainson the sur-
Ge

20Sn2 50-230 C 150-’
face after completion of the first period Exami- 365C

nation of the Auger dataof this sample shows
2OMLGe A

that the ‘Sn/’Ge ratio for a coverageof 22 ML -10 -,

exceedsthat recordedat 18 ML. In this case,the 150°C ~ 12’ period

strong increaseof the substratetemperatureat ~ ,,i_ ~ ~
the endof theperiod leadsobviously to a transfer 2
of Sn from deeperlayersonto the surface,since f.,, 20 ML Ge

therehasbeenno Sn depositionin betweenthese 2°period

measurements.From a comparisonof the Auger
dataof the threesamplesafter completionof the 2 ML Sn

first and the 12th period (markedby an arrow in
fig. 5), we furthermoreconcludethat for the SLs 20 ML Ge

depositedat maximum substratetemperaturesof A A A 1’~eriod

150 and230°C,no appreciableSn transferoccurs Il I
1t~ I 2MLSn

beyond one period. However, for the sample ‘ -,

grown at the highest temperatures(150 < 27,, < p
365°C),an accumulationof more than I ML is J Ge buffer
observableafter 12 periods.

Analogousto the characterizationof the alloy ~~~(2IO) )1’)
layers described in the previous subsection, in
additionto the AES measurementsLEED analy- Fig. 7. LEED intensityprofiles (E0 = 182 eV) recordedduring

depositionof Ge Sn SLs. The indicated temperatureinter-siswasperformedduring depositionof the SLs in 20 2 , , ,

valscorrespondto thevariationsof T within the Ge layersof
order to obtain information on the crystallinityof thedifferent samples.
the films. Fig. 7 shows the evolution of diffracted
electron intensity (Ee = 182 eV) from the sur-
facesof the threesampleswith increasingsuper- on Ge has alreadybeenexceededwhen deposit-
lattice period. Although a maximum substrate ing the Sn layer of the secondperiod. This may
temperatureof 150°Cis too high to inhibit Sn be understoodwhenwe considerthe enlargement
segregation,the distinct decreaseof the LEED of the thicknessof this layer to about2.6 ML, due
intensityalreadyafterthe secondsuperlatticepe- to Sn segregationout of the first superlattice
nod clearly demonstratesthat this low tempera- period. The conceptof adjustingdifferent growth
ture is not sufficient to preserve crystalline conditions for Ge and Sn to achievecomposi-
growth. In contrast,for the SL grown at the next tional modulations while crystallinity is main-
highest temperature interval (50 < T5 <230°C), tamedseems,however,to work also for thissam-
the initial LEED intensitiesaremaintainedafter plc. The LEED intensityprofiles shown in fig. 8
the 12th and also after the 20th period (not which havebeenrecordedwithin the first super-
shown). However, a further increaseof I~,to a lattice periodreveal that althoughcoverageof Sn
maximum value of 365°Cis accompaniedby sur- with Ge at low substratetemperaturesresultsin a
face roughening, as can been seen from the lossof crystalline order, the initial crystalquality
broadening and the decay in intensity of the canbe almostcompletelyregainedby rampingup
correspondingLEED spotsin fig. 7. It is remark- 7. A related techniquecalled solid phaseepitaxy
able that a substantialdecreaseof the LEED hasalreadybeenusedto successfullyfabricateSb
intensities only occurs at the beginning of the 8-doping layers in Si MBE [33]. In this casethe
secondperiodof this samplewhereasall profiles dopingmaterialwhich showsa very similar segre-
recordedduring subsequentgrowth are almost gation behaviour is coveredby an amorphousSi
identical. This gives strong indication that the layerdepositedat room temperature.Sharpdop-
critical thicknessfor pseudomorphicSn growth ing profiles are then achievedby recrystallization
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of the amorphouslayer at a substratetempera- occurrenceof a strong ‘sn/’Ge AES signal, as
ture of 700°C.In order to verify the applicability indicatedin fig. 5, which correspondsto a homo-
of this methodalso to Ge/a-Snheterostructures, geneousSn coverageof about2 ML. From these
we performed the following experiment. After resultsit is evidentthat solidphaseepitaxy is not
covering the amorphous Ge20Sn2 SL (71’, = capableof producing single-crystalsuperlattices
—26°C),which served as a referencefor AES basedon Ge andSn.
analysisby a 20 ML thick Ge cap layer at room In order to investigatethe structuraluniform-
temperature,the substratetemperaturewas in- ity of the layers,which hasbeenachievedby the
creasedin stepsof about100°C,while the LEED describedsubstratemodulationtechnique,cross-
pattern was observed simultaniously. The time sectionalTEM was performedon the two most
betweensubsequentannealingstepswas 10 mm. promisingsuperlatticesamples,i.e. the structures
At T, = 500°Cweak LEED spotsappearwhich which havebeengrown in the temperatureinter-
becomemoreintensein the courseof theanneal- vals of 50 < I~<230°Cand 150 < <365°C,re-
ing interval. However, very similar to the LEED spectively. Fig. 9 — bright field imagesin [110]
patternswhich havebeenobtainedwhencarrying projection with the (004) reflection strongly cx-
out the Sn segregationexperiments(subsection cited — comparesthese SLs. For the Ge20Sn2
3.1), at 7~> 400°Cadditionalspotscharacteristic superlatticedepositedat the lower substratetem-
of island formation and facetting are observed. peratures,clearly distinguishabledarkandbright
The formationof extendedwhite areaswhich are lines, which correspondroughly to the Sn andGe
irregulanily distributed over the sample surface layers, can be observed throughout the whole
can againbe explainedby Sn segregationand structurewith an overall thicknessof 20 periods
clustering.The Ge diamondcrystallattice is obvi- (Fig. 9a). In contrast,the layeringof the 12-period
ously no longer able to stabilize theseclusters SL shown in fig. 9b, which wasgrown at 150 <

and a recrystallizationinto the metalic n-phase <365°C,is very wavy and planar growth occurs
takes place. This is further confirmed by the only within the first period. Additional informa-

tion on the lattice constructionas well as on the
concentrationprofiles within the SLs was ob-
tainedby meansof high-resolutionTEM. In the

Ge20Sn2 lattice image of the 20-periodstructure(50 < 7’,

A T9 ° <230°C)depictedin fig. 10, the Sn-rich regions
7jj 20 ML Ge Jl~ 365°C appearasdarkbands.Sincethe electronbeamis

.“ “.. exactly [110] oriented, either the dark or bright
,~ 16 ML Ge 305°C dotscorrespondto atom pairswith the projection

A of their axespointing in the [001] direction[34].
12 ML Ge Jt~,236 C Thus, 11 dots shouldappearin growth direction
4 ML Ge ,j~ 150°C for the 22 atomic monolayerperiodicity which is

C 2 ML Ge —\~ 150°C indeedobservedas indicated.Although theinter-

-~ A facesaresmearedout — particularlyin the growth
2 ML Sn ~ 150°C direction as expectedfrom AES analysis — the

Lu ) ~ lattice constructionis nearlyperfect and no ap-
A preciablecrystal defect could be detectedover

Gebuffer the whole areatransparentto the electronbeam
(— 50 JLm). This directly demonstratesthe pseu-
domorphicnatureof growth. In the SAD pattern

(0~) of the sampleshown in fig. 11, sharpsuperlattice

Fig. 8. Evolution of the (02) LEED intensity (E = 182 eV) spotsappeardueto theartificial periodicity along
within the first periodof a Ge20Sn2SL structuredepositedat the growth direction. Since the areaselectedby

150 == 17, < 365°C. the SAD aperture includes also Ge substrate
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regionsthis diffraction patternis a superposition A more accuratemethod to measurethe pe-
of diffraction spotsoriginating from the Ge sub- nod length of short-periodsuperlatticesis X-ray
strate andthe Ge20Sn2SL. Besidesthe superlat- diffraction. From the 0—20 satellite spacing(fig.
tice peniodicity, therefore,both the laterallattice 12), we extract a superlatticeperiod of 31.85±
constant and the average lattice constant in 0.05 A for Ge20Sn2,which is consistentwith the
growth direction of the SL can be determined value obtained from SAD analysis. This is in
with an accuracyof about 0.5% relative to the excellentagreementwith the theoreticalvalueof
substrate[29,35].We note here that sincethe SL 31.89 A for the structurecalculatedunder the
is lattice matchedto the Ge substratethereis no assumption of tetragonal deformation of the
deviation betweenthe rows of superlatticespots strainedSn layersexpressedby macroscopicelas-
andGe bulk spotsin the lateraldirection. ticity theory (see appendix).

~ ,-~-~

-

[~2~g,

120 flfl~: = 95/50_2300C1

-, it.. ‘~ ~ ir~ —°—~=-

IL’
L!~

~Sn2Ge2o

Ice buffer

IGe substrate 1’~s= 150/150365 °C~
Fig. 9. Cross-sectionalTEM bright held images(g — (0114)1 ot Gc20Sn2SLs s’oth in oserall thicknessof (a) 20 and (b) 12 periods.
The electronbeamhasbeenaligned close to the [110] direction parallel to the interfaces.The indicatedsubstratetemperatures

correspondto Sn and Ge deposition,respectively(seefig. 5).
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~ ~Ge(00l.)

~~102 . SL1 /\J \~k*1

~62°64° 66° 68°

diffraction angle 20
Fig. 12. X-ray diffraction from the 20-period Ge20Sn2 SL
shown in figs. 9a and 10 in the vicinity of the Ge(004)
reflection. The arrowsmark the positionsof the SL satellites

for theexpectedperiodlengthof 31.89A.

Fig. 10. High-resolution lattice image of the Ge20Sn2 SL Although substrate temperaturemodulation
which hasbeendepositedat 50 <77, < 230°Ctaken along the assisted MBE is clearly not able to produce

[110] axis. Ge/a-SnSLswith atomicallyabruptinterfacesas

in the case of heterostructuresbasedon Si and
Ge [32,35], theseresultsconfirm that by careful
choice of the growth parametersthe application

Gesubstrate of this techniqueleadsto single-crystalfilms with
Sn contentsfar in excessof thoseachievableby
Ge~_~Sn~alloy growth usingconventionalMBE.
However, since successfulgrowth has only been

demonstratedfor one specific superlatticetype
(Ge20Sn2),further limitationsin structuraldesign
of GenSnmSLs, i.e. the maximum achievableSn
layer thicknessm andthe minimumperiod length
n + m, haveto be expected.For thispurposetwo

ooo setsof superlatticesampleswith (i) a fixed period
length of n + m = 22 ML and different SD layer
thicknessesandwith (ii) periodicitiesof n + m =

22, 16, 12 and 10 ML and and constantSn layer
thicknessof m = 1 ML havebeenprepared.

Fig. 13 comparesthe LEED patternsrecorded
aftergrowth of the secondperiod of the samples
containing1, 2 and 3 ML Sn within one 22 ML
superlattice period. Although almost identical

Fig. Il. SAD patternof the 20-period Ge,,,Sn,SL shown ir substrate temperaturemodulations have been
figs. 9aand 10 in the[110] pole. Superlatticeinducedsatellites performed during deposition of the the three
(labelled SLS) in the vicinity of the Ge(004) reflection are .structures,a dramaticdecreaseof the spotinten-
markedby arrows.Note thesplitting betweenhigherorder SL . . . .

and Ge substratereflectionsandthe coincidenceof superlat- sitiesaccompaniedby a strong increasein back-
tice andsubstratespotrows in lateraldirection, ground intensitycanbe observedas the Sn layer
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thicknessexceeds2 ML. Since this effect occurs 100
also for SLs with doubledperiod length (n + m = 0

44 ML) we concludethat the critical thicknessfor Ge

>~io1 Substrate (4001two-dimensional growth of epitaxially stabilized I_________ Ge
a-Snon Ge(001) is 2 ML. Larger Sn layer thick- 2 ~ =~<Sn/Ge~SL
nessesleadobviously to increasedsurfacerough- 10 - WPSL~ fl
nesswhich then supportsthe transition to amor-

io~
phousGe growth.No substantialimprovementof
the crystal quality can be detected by LEED ~
when reducing the Sn layer thickness to 1 ML 100 - b
(fig. 13). However, the appearance of Ge d

5~° 0.12

diffraction spectrumof the Ge21Sn1SL shownin
fig. 14a,which canbe reproducedby a simulation 10-2 - w~OO doe°~ 0mmPendellosungfringesin the high-resolutionX-ray 10-1 ~
which takesdynamicaldiffraction effects into ac-

SL
count (fig. 14b),demonstratedthe highcrystalline io_

3 - ~R SL,
1

iü~ I I
-1 0 1 2 3

Angle irnradl

Fig. 14. High-resolutionX-ray diffraction from the (400) re-
,~‘ flection of a 20-period Ge,1Sn1 SL (a) and corresponding

(~) ~ simulation (b). The periodicity of PendellOsungfringes is
/ indicated.

/

I
perfectionof this sample.Resultson a detailed
characterizationof the Ge/a-Sn SLs with this
techniqueusing both symmetric and asymmetric
reflection geometrywill be presentedelsewhere
[36].

In the LEED patternsof the secondsample
set which consistsof 20-period SLs with period
lengthsrangingfrom 22 to 10 ML intensediffrac-
tion spots are observable for all structures
throughoutthe whole superlatticegrowth. How-
ever, as the superlatticeperiodicity is reduced,
spot broadening, in particular for the Ge11Sn1
and Ge9Sn1 SLs, occursafter completion of the42eV ~~~82eVl
20th period. For thesetwo structuresthe maxi-
mum substratetemperatureswhich werereached

I 265 and300°C,respectively,in order to preserve
at the endof the Gelayershadto be increasedto
crystallinegrowth. However, evenfor thesehigh

[C substrate temperatureswhere segregation in-
ducedinterfacial intermixing is enhancedandforFig. 13. LEED patterns(Ee 42 and 182 eV) recordedafter

deposition of the second period of Ge,2_,Sn, SLs: (a) a Sn layer thicknessof only 1 ML, the individual
Ge21Sn1(b) Gc,0Sn2(c) Ge15Sn1. superlatticelayersare planarandcan be clearly
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distinguishedin TEM cross-sections,as demon- acoustical(LA) phonons[37],which appearin the
stratedin fig. 15 for the shortest-periodstructure. frequency range below 150 cm— confirm the

Additional information on composition and artificial superperiodicityof our structures.These
period length of the Ge~Sn1SLs can be also arecausedby backfoldingof the acousticphonon
extractedfrom the Ramanscatteringdatashown branchdue to the superlatticeinducedreduction
in fig. 16. The peak at 304 cm’

t which can be of the Brillouin zone. Therefore, the energetic
attributedto the Ge longitudinalphonon of the positions of the LA modes dependcritically on
unperturbedGe layers, is the prominent feature the superlatticeperiod. In the insetof fig. 16, the
in all spectra. So-called folded longitudinal wave numbersof the first (I m I = 1) and second

— ~ ——~--—-~—~

I,SniGe~

!Ge ~ _____

~~~strate 20 nm ____

1 periodl

___ nrn

Fig. 15. TEM cross-sectionsof a 20-period Ge,Sn
1SL: (a) bright field image~ith the (004) reflection strongly excited and (b)

high-resolutionlattice imagein [110]projection. Inset: SAD patternof the superlatticetaken in the[1101zoneaxis.
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150 ~‘ Ge layer thickness.Comparisonwith the experi-
Ge,,Sn, \ •\.~ml=2 mentally determinedphonon energiesrevealscx-

ci) L=2.lBeV ‘~‘~ NI-.,,, cellent agreementfor the I m I = I and reason-
T=77K ableagreementwith the I m = 2 modesfor which

~ 50 ImI=1 the assumedlinear dispersion of the acoustic
2 phonon branchis not justified.

ImI=1 0 10 15 20 25 Due to the significant intermixing of the Sn
dG (ML) and Ge layers also Sn—Sn, Sn—Ge and Ge—Ge

vibrations in Ge — . Sn. alloy regions should he
Ge,Sn

1 I s .i —I
observable.The peakat about 180 cm , which is
clearly different from secondorder Ramanscat-

G ~ tering in Ge [38], can be attributed to Sn—Sne,1 ~ vibrations.This modeis shifted downwardscom-

c rnI°1 / Ge-Ge pared to the a-Sn optical phonon which is cx-

1 Ge Sn p~tedat 200 cm [39]. In the Ramanspectraof
II 15 1 the Ge21Sn1,Ge1~Sn1andGe11Sn1SLs, andweak

II mi-i Sn-Sn structurecanalsobe observedat about230 cm 1,
Sn-Ge G ~ which is believedto originate from Sn—Gevibra-

ImI=2 e21 n1 tions.Accordingly, the low-energyshoulderof the
Ge optical phonon peak can be explained by
Ge—Ge vibrationsin the Ge - . Sn. alloy regions.

100 200 300 , I .iThe downward shift of the Sn—Sn Raman fre-
Raman Shift (1/cm) . . .

quenciesis in contradictionto recentexperiments
Fig. 16. Ramanspectraof four Ge~Sn1SLs with an overall ~y Menéndez et al. [40j, who studied relaxed
thicknessof 20 periods. The inset comparesthe calculated Ge1_ Sn. alloy layers(0.92<x <0.98) grown on
energiesol thefolded acousticmodes(lines)with the experl- ~

mentally determinedenergies(filled circles). CdTe(00l). Our tindings agree,however,with the
behaviourin Si1 _rGcv alloys where alsoa soften-

(I m = 2) order LA phonons,calculatedwithin ing of the optical modesis observed.An unam-
an elastic continuum model [37] which assumes biguous interpretationof the peaksat 180 and
an averagedsoundvelocity, areplottedversusthe 230 cm — is not presentlyavailable, since disor-

Fig. 17. Cross-sectionalTEM bright-field image(g =(004))of the samplecontainingfour 20-period (Je1çSnjSLs. The oscillatory
contrastis due to interferenceof theelectronwavestransmittedthroughthewedgeshapedTEM specimen(thicknessfringes).
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der activatedmodesoriginating in the Ge layers 0.6 0.65 0.7 0.75_(eV)
arealso presentin this energyregion. A detailed ~° G S 208K

Raman study employingpolarization dependent ~E eu n1 114K
measurementsat different incident wavelengths — Experimental / /

is The additional broad structure at about 75 / / /
cm

1 observedin the spectraof the Ge
11Sn1and / / /~o~

Ge9Sn1 SLs is propably causedby violation of / / /
wave vector conservationdue to lattice disorder j /
which gives rise to LA phonon scatteringwith / /
largewave vectors. This confirms the LEED re-
sultswhich indicatedalreadythe onsetof lossof
crystalline order during growth of these struc- 4700 5200 5700 6200

tures.In contrastto the maximumachievableSn Energy(1/cm)
layer thicknessof Ge/a-SnSLs pseudomorphic
to Ge(001),it is, however,not possible to accu- Fig. 18. Experimentallydeterminedonsetof absorption(full

curves)in the Ge 5Sn superlatticestructureshownin fig. 17
rately determinethe lower limit for the period . 1. 1

for varioustemperatures.Thedashedcurveswereobtainedby
length since the crystal quality of the structures fitting the band gap energyin the theoreticalexpressionfor

degradesgraduallyas the periodicity is reduced. theabsorptionof an ideal indirect semiconductor.

3.3.2. Band structureand opticalproper-ties
In order to obtain information on the funda- conditions when determining these quantities,

mental band gap of the Ge/a-Sn heterostruc- both the superlatticeand the referencesample
tures by infrared optical absorption measure- weremountedin the cryostatandmeasuredusing
ments, sampleswith four superlatticesequences, identical anglesbetweenthe sample surfaceand
eachconsistingof 20 periodswith 700 A thick Ge the incident light. For small absorbancein the
layers in betweenhavebeenprepared.The pur- thin layerswith an overall thicknessd (ad < 1%)
poseof the Ge layers is to decreasethe average andfor photonenergiesbelow the indirect band
lattice mismatch I f I of the whole structurerela- gap of the Ge substrate(0.76 eV at 20 K), the
tive to the Ge substratewhile the effectivethick- absorption coefficient is given by a = — (1/d)
nessof the absorbinglayercanbe increased.Fig. ln(I/Iret), provided that I and ‘ref aremeasured
17 shows a cross-sectionalbright field TEM im- undernormal incidence. Fig. 18 shows the ab-
ageof the sample containingfour Ge15Sn1 SLs. sorption coefficient determinedin this way for
Although the initially planar layering becomes the Ge15Sn1superlatticesample as a function of
slightly wavy at the end of the twenty periods,a the photonenergyfor 20, 114 and 208 K. Good
smoothstartingsurfacefor the next superlattice agreementis obtainedwith the photocurrentdata
is regained by growth of the intermediateGe of band to band transitions in thesestructures
layers at a substratetemperatureof 310°C.In which havebeenrecentlypresentedby Olajos et
addition to the superlatticesamples, we have al. [27]. Details of the absorptionmeasurements
grownundersimilar conditionsa 2000A thick Ge arepublishedelsewhere[41].
layeron Ge(001)which servedas a referencefor Assumingan ideal indirect semiconductorwith
the absorptionmeasurements. quadraticdependenceof a on energynear the

The absorptioncoefficient a(hw) of the super- absorptionedgeboth for phonon absorptionand
lattice layers on Ge substratecan be calculated emission processes[42], the band gap energies
from the transmittedintensity through the whole canbe extractedfrom thesedata.Bestnumerical
structure I(ho.) provided that the intensity fits have been obtained for the dashedcurves

~ref(~~) transmittedthrough the referencesam- includedin fig. 18. The deviationfrom the experi-
ple is known. In orderto achieveexactlythesame mental curve at higher energiesis due to the
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6000 ~ creases,a systematiclowering of the energygap
• ~ canbe observed.The experimentalvaluesfor 20

o 0.70 K of 0.6 eV (Ge11Sn1),0.7eV (Ge15Sn1)and0.72
eV (Gc21Sn1)agreeverywell with thoseobtained

~. 5400 ° . from pseudopotentialband structurecalculations
0 0.65 (0.63, 0.66 and0.68 eV) performedby VogI et al.

[43]. To accountfor the interfacebroadening,the
calculationshavebeenperformedwithin the vir-

~ 4800 0.60
• tual crystal approximation(VCA), assuminga Sn

• Ge2~Sn1 • contentof approximately30% in the first atomic
oGe0Sn1 • 0.55 planeof the superlatticeperiods,followed by an

- e11 exponentialdecayand a negligible concentration

0 50 100 150 200 250 of Sn beyonda coverageof 10 ML. This concen-
Temperature(K) tration profile is based on the AES measure-

Fig. 19. Temperaturedependenceof the energygapof Ge,SnI mentswhich were carried out during deposition
SLs as extracted from the absorption measurements.For of the Ge~)Sn7at substratetemperaturesof 50—
comparisonthe correspondingdataof the indirect energygap 230°C.

in bulk Ge (E~t/’)arealso included.

3.3.3. Structuralstability against strain relaxation
onsetof the Ge bandgap.Fig. 19 summarizesthe andphasetransformation
results for the energy gapsof various Ge/a-Sn In addition to the energygapsof Ge,1SnI SLs
SLs in the temperaturerangeof 20 to about200 (n = 11, 15 and21) given in fig. 19, we attempted
K. The temperaturedependenceof the indirect also to explore the hand structureof a Ge211Sn2
band gap in Ge is also indicated. All samples SL. Although individual 20-periodGe20Sn~SLs
exhibit a typical initially quadraticandfor higher can he preparedalmost defect-free(see subsec-
temperatureslinear decreaseof the band gap tion 3.3.1) structuresconsistingof four SLs seper-
with increasingtemperaturewhich is similar to ated by 700 A thick Ge layershavea high defect
the behaviourof pure Ge. However, as the aver- densityas shown in fig. 20. Since the total thick-
age Sn concentration in the superlatticesin- ness of eachsuperlattice is about 640 A. which

~ _ __ _
I _______ ~ 0~——

200nml
Fig. 20. Cross-sectionalTEM bright-field image(g = (004))of a strain relaxedsamplecontaining tour 20-period Ge,~Sn St
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Fig. 21. Optical micrographof thesurfacemorphologyof Ge/a — Sn SLsbefore(a)andafterheat treatment(b).

exceedsthe critical value for the misfit of f—~ 465°C,the transitiontemperaturesof the Ge15Sn1
— 1.4% in this case by one order of magnitude and the Gei1Sni SLs decreaseto values of 450
(see appendix),thesedefects are obviously crc- and430°C,respectively.
ateddue to strain relaxationof the whole struc-
ture. The catastrophicnatureof the defectsem-
phasizesthe necessityto carefully designmeta- 4. Conclusionsand prospects
stableGe/a— Sn heterostructureswith regardto
the maximum achievablelayer thicknessesgiven We haveshown that the requirementsfor sin-
by the equilibrium theory. gle crystalGe1~ alloy growthwith x � 0.1 on

As already mentioned in subsection3.1, cx- Ge(001)substratesare incompatiblewith conven-
ceedinga substratetemperatureof about 400°C tional MBE. This is mainly due to the extremely
when depositingGe on Sn is accompaniedby a low Sn incorporation rates of less than 0.005
distinct changein surfacemorphology,which has ML— at substratetemperaturesof about 250°C
beenascribedto the a —~ /3 phasetransformation. which representthe lower limit for crystalline
A similar changein surfacemorphologyhasbeen growth. In contrast,Ge/a-Snsuperlatticelayers
reported by Piao et al. [44] for Ge1 ~Sn~alloy with excellentcrystalquality havebeenfabricated
layers lattice matchedto (001) orientedInP and pseudomorphicto Ge(001)by meansof an MBE
GaSbsubstratesafter heattreatment.In order to technique which allows rapid variations of the
judge the thermal stability of our superlattice substratetemperatureduring growth. Direct cx-
structuresthe sampleshavebeenannealedunder perimentalevidencefor absorptionin theselay-
vacuumconditions,while their surfaceswere ob- ers below the indirect band gap in Ge was pre-
servedundera microscope.At a certaintempera- sented.The fundamentalenergygap of a series
ture, the mirror-like flat surfacechangesabruptly of Ge~Sn1SLs (n = 21, 15 and 11 ML) wasfound
into a spottysurface.An exampleis shownin fig. to decreasesystematicallywith increasingSn con-
21. The a ‘—~/3 phasetransformationtemperature tent confirming theoreticalpredictionsbasedon
depends,however,on the averageSn content in pseudopotentialband structurecalculationsfor
the SLs. Whereasthe Ge21Sn1superlatticestruc- thesestructures.The introductionof such super-
ture is found to be stable for temperaturesbelow lattice layers in the intrinsic regions of p—i--n
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diodes offers the possibility of increasing the ported financially by the SiemensAG via SFE
range of conventional Ge photodetectorsto “Mikrostrukturierte Bauelemente”.
longerwavelengths.The limited thicknessof the
pseudomorphicstructurescould be easily over-
comeby alternatinggrowth of undercriticalGe/ Appendix
a-Sn superlatticeand SixGeix alloy layers. Be-
sidesthe critical thickness,the major limitation in In this appendixthe strainedGeixSnx layers
structural design of single crystal GenSnm SLs are assumedto be isotropic. In order to obtain
was found to be the maximum achievable Sn the appropriatevaluesfor the alloy, the elastic
layer thicknessof m = 2 ML. Although for pen- constantsC11 and C12 of Ge and a — Sn given
odicities of n + m � 12 ML and averageSn con- below havebeenlinearily interpolated.
centrationsexceedinga value of 10% a decayof
crystallineorder has beenobserved,theselimita-

For Ge:
tions are not fundamentaland can be probably
overcomeby further optimizing the deposition = 1.315 >< io~N/rn

2,
technique.In this context, sample heating from
the surfaceby halogenlamps as commonly used C~

2= 4.94 x 10I~N/m
2

in rapid thermal chemical vapour deposition
(RTCVD) systemscould be considered. For a-Sn:

According to the presenttheory, the funda- c
1, = 6.9>< 101(1 N/rn

2,
mental band gap of Ge/a-Snsuperlatticespseu-
dornorphic to Ge(001) is always indirect in k C

12 = 2.93 x 10 1(1 N/rn
2.

spaceeven for average Sn contents larger than
20% [26,27,43].However, also the possibility of
an intrinsic direct semiconductor is predicted, Critical thicknessfor coherentgrowth
providedthat the laterallattice constanta

1~of the
Ge/a-SnSLs is slightly increasedwith respectto The critical thickness h~at which it becomes
aGe. Analogouslyto the Si/Gesystem,this could energetically favourable to introduce the first
be achievedin principle by growth of strain re- misfit dislocationin a strainedfilm canbe calcu-
laxed Ge/a-Sn alloy or superlattice layers. A lated by minimizing the sum consistingof the
different approachin orderto verify thesepredic- elastic strain energyand the dislocationline en-
tions would be to optimize MBE growth condi- ergy [20], as well as by balancingthe forceswhich
tions, using materials such as InP as the sub- act on a threadingdislocation segment[21]. This
strate. leadsto the following expressionfor thevariation

of h~with fl:

b(1 — r’ cos
2/3) I ah~
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