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HIGH QUALITY HETEROEPITAXIAL Ge GROWTH ON (100) Si BY MBE LI
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An approachto high quality heteroepitaxialGe growthon Si substratesby MBE hasbeenstudied.In thegrowthmethodstudied
here,theGe layersweregrown by a two—step procedureinvolving a thermalannealingprocessbetweenthe first andsecondGe layer
growth. It was found that thesurfacemorphology of the Ge dependedon the thicknessof the first layer, andits thicknessof more
than 100 nm resultedin smoothsurfaces.The crystallinequality of theGe wasaffectedby both thefirst andsecondGelayergrowth
temperatures:lowering the growth temperatureof the first layer and raising the growth temperatureof the secondlayer in the
epitaxial temperaturerangebetween330 and6800C led to furtherimprovementin crystallinequality. Even furtherimprovementin
crystalline qualitywas accomplishedby thehigh temperatureannealingprocess.DoublecrystalX-ray diffractionstudiesshowedthat
the full width at half maximum (FWHM) of the (400) diffraction of the 500 nm thick Ge layer was 240 s. A Ge layer with a
dislocationdensityon theorderof iø~cm

2 wasobtained.A GaAslayerwassubsequentlygrownby MOCVD. TheFWHM of the2
~smthick GaAs layerwas 140 s.

1. Introduction approachto grow high qualityGe layerson Si by
MBE. In this growth method,Ge is grown by a

The possibility of integratingGaAsand Si de- two-stepprocedureinvolving a thermal annealing
vices in a monolithic structureandotherapplica- processbetween the first and secondGe layer
tions involving optoelecronicsor photovoltaicshas growth. The crystalline quality of the Ge layers
motivatedthe recentinterestin the heteroepitaxial grown by this method is comparedwith that of
growth of Ge layer on Si substrates[1—7].Since the Ge layersgrown by the conventionalgrowth
GaAsis well matchedto Ge in lattice parameter, method.The experimentalresults of GaAsgrowth
the developmentof a highquality epitaxialgrowth on theGe layersare also describedbriefly.
of Ge on Si has been expectedto serve as a
suitable substratefor the subsequentgrowth of
GaAs [2,4]. However, this growth includes the 2. Experimental
substantialproblem of large mismatchesin both
the thermalexpansioncoefficientsandlatticecon- The Si substratesused here were 10 ~7 cm
stants (55 and 4% respectively)betweenGe and n-type(100)-oriented3-inchwafers. Prior to load-
Si. ing into the MBE apparatus,the wafers were

In the pastseveralyears,varioustechniquesof cleanedby conventionalRCA solutions(NH
4OH

growing Ge on Si havebeeninvestigatedsuch as + H202 + H20 and HCI + H202 + H20). A thin
vacuumdeposition [1,2], chemicalvapor deposi- oxide layerwasthen formedby the methoddevel-
tion [5], sputter deposition [6], and solid-phase oped by Ishizaka and Shiraki [8]. Subsequently,
epitaxy of a-Ge combinedwith ion-implantation the wafers were mountedon a Mo holder with a
[3,4]. However, the Ge layersreportedso far have Ta plate,andloadedinto the MBE chamber.
hada highdensityof dislocations(10 8101ocm~

2) The growth systemusedherewasa commercial
[3,7]. These dislocationsare the main causeof Si MBE apparatus with two electron-beam
degradationin crystalline quality for the GaAs evaporators.Prior to Ge deposition,the growth
grown on Ge interlayer. chamberwas evacuatedwith an ion pump to a

In the presentwork, we investigated a new backgroundpressurebelow 5 x lO~ Torr. Next,
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the substratetemperaturewasraisedto 850°Cfor morphologyand (400) diffraction patternfor the
20 mm to desorbthe preformedoxide. Ge layer grown at 600°Care shown in figs. la

The polycrystalline Ge of 99.999% purity was and ib, respectively.
then evaporatedfrom the water-cooled copper A cross-sectionalTEM micrographof the same
crucible. The Si substratewas rotatedat 30 rpm sample is shown in fig. 2. Apparently, the area
during deposition. The background pressure near the highly mismatchedSi—Ge interface in-
during depositionwas about 5 X 10-~Torr and cludesa high densityof dislocations.The disloca-
the depositionratewas fixed at 5 A/s. tion densitynearthe Gesurfaceis over 1010cm

The changein the surfacemorphology of the The contrastin the micrographis also significant.
Ge layersdue to variation in the growth condi- It may be due to the residual lattice strain in the
tions was evaluatedby RHEED and Nomarski Gelayer.
optical interference contrast microscopy. The Theseresultsdemonstratethat it is difficult to
crystallinequality wasdeterminedby transmission grow highquality Ge layerson Si by the conven-
electron microscopy (TEM) and double crystal tional growth method.
X-ray diffraction. Table 2 summarizesthe measurementsresults

for Ge layersgrown by the two-step procedure.
Growth was performed at various layer thick-

3. Resultsanddiscussion nesses,growth temperaturesfor the first andsec-
ond Ge layers, and thermal annealingtempera-

To clarify the effects of the presentgrowth tures.Annealingtimewas20 mm. In contrastwith
procedure,preliminarygrowth of Ge was carried the Ge layersgrown by the conventionalmethod,
out by a conventional method. Table 1 sum- a great improvement in crystalline quality was
marizesgrowth conditionsand characteristicsof accomplishedusingthis growthmethod.
500 nm thick Ge layers. Nomarski interference The surfacemorphologyvariedwith the thick-
microscopy of the Ge layers showed smooth nessof the first Ge layer ratherthan that of the
surface morphology if the growth temperatures secondGe layer, as seenin the optical micro-
were lower than600°C.Altough the surfacemor- graphsin fig. 3. The first Ge layer thicknessover
phology becamerough at growth temperatures lOOnm was found to be necessaryto obtain mir-
higher than 600°C,the crystalline quality im- ror-surfacefinishedgrowth.
provedas the growth temperatureincreased.This The crystalline quality of the Ge layers was
was determinedby examining the full width at stronglydependenton both the first and the sec-
half maximum (FWHM) of the (400) diffraction ond Ge layer growth temperatures,and on the
patternof doublecrystalX-ray diffraction. Further annealingtemperature.In general,lowering the
increasein thegrowth temperaturecauseda slight growth temperatureof the first layer and raising
degradationof the crystallinequality. The surface the growth temperatureof the secondlayer led to

a further improvementin crystalline quality. Be-
sidestheseeffects,the crystallinequality wascon-

Table I siderablyimprovedby the thermal annealingpro-
X-ray (400) diffraction and surfacemorphology data for Ge
layers on (100) Si grown by conventionalgrowthmethod; the cess.The FWHM of the Ge layerwasreducedby
Ge thicknessis 500 nm increasingthe annealingtemperaturefrom 600 to

680°C. The surface morphology and the (400)Sample Growth X-ray Surface .

number temperature diffraction morphology diffraction pattern for sample 11 are shown in
(°C) FWHM figs. 4a and4b, respectively.In comparisonwith

(s) sample3 shownin fig. 2, the surfaceof the sample
1 330 570 Smooth is very smooth,andthe (400) diffraction patternis
2 510 500 Smooth sharperandstronger.
3 600 450 Slightly rough A cross-sectionalTEM micrographof sample8
4 680 460 Rough is shown in fig. 5. Various distinctions can be
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Fig. 1. (a) Nomarskiinterferencemicrographand(b) X-ray (400) diffraction patternof Ge layer(sample3) grownat600°C.
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Fig. 2. A cross-sectionalTEM micrograph of Ge layer
(sample3) grown at600°C.

pointed out by comparingthis micrograph with
the micrographshownin fig. 2. The defectdensity
of the Ge drops rapidly towardthe surfaceanda
transition regionwhere thereis a high densityof
dislocations is restricted to several tens of nm
from the Si—Ge interface. The backgroundcon-
trast evennessshows that the large lattice mis-
match is effectively relaxed in this narrowtransi-
tion region.Furthermore,the propagatingdisloca-
tions which arise from this transition region are
gre&tly reduced,and someparts of these disloca-
tions are truncatednear or at the interfacebe-
tweenthe first and secondGe layers, as shownin
fig. 6. Thedislocationdensitynearthe Ge surface
is on the order of iO~cm2. This is two or three
ordersof magnitudelower than the value of the
Ge layers grown by the conventional growth
method.

As an initial stepin determiningthe usefulness
of theseGe layersas substratesfor the growth of
GaAs, the GaAsepitaxial layerswith about2 ~.tm
thicknessweregrownby thelow-pressureMOCVD
usingtnmethylgallium(TMG) andAsH

3 assource
gases. The V/Ill ratio was about 70 and the
growth temperaturewas 700°C. The single-do-
main GaAslayersweresuccessfullygrown, andin
most cases,their crystalline quality was superior
to that of the underlyingGe layers. Fig. 7 shows
the (400) diffraction pattern of the grown GaAs
layer. The FWHM is 140 s, which seemsto be . . .

Fig. 3. Nomarskiinterferencemicrographsof Ge layers with
sufficiently narrow. This result means that the various first Ge layer thickness. The surface morphology
large lattice mismatchbetweenGaAs and Si 15 changeswith first Ge layers thickness:(a) 20 nm (sample5);
effectively relaxedin the intermediateGelayer. (b) 70 nm (sample6),(c) 100nm (sample7).
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Fig. 4. (a) Nomarskiinterferencemicrographand(b) X-ray (400)diffraction patternofGe layer(sample11).
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Table 2
X-ray(400) diffraction andsurfacemorphology datafor Ge layerson (100) Si grown by two-stepprocedurewith thermalannealing
processbetweenfirst andsecondGe layergrowth; annealingtime is 20 mm

Sample Firstlayer Annealing Secondlayer FWHM Surface
number Thickness(nm) Temp. (°C) (°C) Thickness(nm) Temp.(°C) (s) morphology

5 20 330 600 300 600 490 Rough
6 70 330 600 300 600 406 Slightly rough
7 100 330 600 400 600 345 Smooth
8 300 330 600 200 600 318 Smooth
9 300 510 600 200 600 374 Smooth

10 300 330 680 200 330 294 Smooth
11 300 330 680 200 600 270 Smooth
12 300 330 680 200 680 240 Slightly rough

Ge 2nd Ge

Si 18t Ge

Fig. 6. A magnified cross-sectionalTEM micrographof a Ge
Fig. 5. A cross-sectional TEM micrograph of Ge layer layer(sample 8). Note that some propagatingdislocationsare

(sample8). truncatedat theinterfacebetweenfirstandsecondGe layers.
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Fig. 7. X-ray (400) diffraction patternfor GaAslayergrown by MOCVD.
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