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Heteroepitaxialfilms of a-Sn havebeenpreparedfor thefirst time.The films weregrown in anMBE systemby direct conden-
sation of a beamof Sn atomsonto clean,ordered(001) surfacesof InSbandCdTeheld atT 25°C. In-situ RHEED studiesindi-
catethat the films grow by a two-dimensionallayermechanismwith a (2 x 2) surfacereconstructionthroughoutgrowth.Above a
film thicknessof —0.5 j.~mnucleationand growth of 3-Sn occurred.a-Sn films of ~0.5 ~zmin thicknessarea substrate-stabilized
metastablephasewhich undergoesa reversiblea — ~ phasetransformationat —70°C.Thepresenceof uniaxialstrainin thefilms
hasbeenconfirmedby oouble-crystalX-ray diffraction measurementswhich revealthat thefilms havetetragonalsymmetryasa
result of in-plane compressionimposedby the constraintof epitaxy.Ge-dopingof thea-Snfilms permitsgrowthof films thicker
than0.5 ~m andreducesthe degreeofuniaxial strain.

1. Introduction 2. Experimental techniques

It is well known (BuschandKern [1]) that the ele- The heteroepitaxialfilms a-Snwerepreparedin an
ment Sn canundergoa phasetransformationfrom its ion and titanium sublimation pumped molecular
usual metallic (~3)phaseto a lower temperature(a) beamepitaxy similar to that describedearlierfor the
phase(“grey” tin) which has the diamondstructure, preparationof epitaxial InP (Farrow [8]) andmetal
The discovery in 1950 (Buschand Kern [1]) of the films (Farrow et al. [5]). The techniquesof Auger
semiconductingpropertiesof ct-Sn stimulatedmany electron spectroscopy(AES) and reflection high
attempts at preparationof single crystal samples. energy electron diffraction (RHEED) were used to
Although bulk crystals of a-Sn were preparedby characterisethe surfacesof the InSb andCdTe sub-
Ewald andTufte [21all attemptsat growth of single strates prior to growth and the a-Sn films after
crystal films (Becker[3]) were reportedasunsuccess- growth.The Sn beamsourcewas a Knudseneffusion
ful. However,with thegreatimprovementsin vacuum oven constructed(Farrow andWilliams [6]) of high
technologyoverthe pastdecadeandthe development purity pyrolytic boronnitride andtantalumradiation
of the techniqueof metalbeamepitaxy(Farrow et al. shields. An isothermal double oven containing
[4—7]) for the preparationof epitaxial films of separatedchargesof Sn andGe was usedto provide
metals on semiconductors,it seemedlogical to the the 1% Ge in Sn beamusedin growiiig Ge stabilized
authorsto attemptheteroepitaxyof a-Sn(a = 6.489 A a-Sn films. The Sn chargefor the Knudseneffusion
at 25°C)on the isomorphous,closelylattice matched oven was takenfrom a doublezonerefined Sn ingot
crystals InSb (a= 6.4798 A at 25°C)and CdTe (a= of purity >99.999%.The Gechargewasfrom a single
6.4829 A at 25°C)underclean, controlled condi- crystal Ge boule of resistivity ~l00 clM, purity
tions. Thesuccessof this approachis describedin this >99.999%.Modulatedbeammass spectrometrywas
paper. used to monitor the intensity and compositionof

beamsimpingingon the substrate.During film growth
the residualbackgroundpressurewas<5 X io~Torr.
The CdTe(00l) orientationwafers (resistivity >iO~
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~2 cm) were polished by combined chemical and
mechanicalaction using 2% Br in methanolas the

In

etchant.The InSb(00l) orientation wafers (n-type, Sb ~g in

— 1014 cm3, p 5 )< iO~cm2 V1 ~ at
77 K) were mechanicallypolished using diamond
pasteand subsequentlysubjectedto a free etch in a

(MCP Electronic Materials Ltd). Immediately prior Cd)
proprietry oxidising solution by the manufacturers

dN
to loading the wafers were rinsed in hot iso-propyl
alcohol. Selected area deposition of Sn, when (C)

required,was achievedby interposinga molybdenum I sequential

~ ~maskbetweenbeamsourceandsubstrate, ion cleans& annealsX-ray textureanalysisof the Sn films wascarried (b)out using a cylindrical texture cameraof the type
describedby Wallace and Ward [9]. Lattice parame-
double crystal diffractometry using the technique lnSb surface

ter measurementsof the a-Sn films were madeby
describedby Bartels and Nijman [10], andan auto- (a) as loaded

mated APEX diffractometerequippedwith a second
axis [11,12]. Both scanningandtransmissionelectron
microscope.In some cases,Sn was depositedonto
microscopy were carried out in a JEM 120C I I
prethinned discs of InSb to facilitate subsequent _______________________________________________
transmissionobservations. E(eV) 500 400 300 200

Fig. 1. Auger spectraof InSb(001) surfacerecordedbefore

and at various stagesof surfacepreparationprior to hetero-
3. Substrate preparation and film growth epitaxialgrowth of o-Sn: (a) as loaded;(b) after500 eVAr~

ion bombardmentat 1.5 ~sAcm2 for I h followed by a 1 h
annealat T= 200°C;(c) after a further cycle of the above

Auger spectraof the InSb andCdTe substratesur- treatment;(d) after a third cycleof thetreatment,spectrum

faces prior to in-situ cleaningalways showed con- recordedathigherresolutionthan(a)—(c).

siderableC and0 surfacecontamination.This is illus-
trated in the case of InSb by fig. la. Low (500 eV)
energyargon ion bombardmentat a current density
of 1.5 pA cm2 followed by annealingat 200°Cwas InSb(001) surface (see fig. 2) recordedalong [110]
found to be the most reproducibleway of achieving and [ITO] azimuthsafter samplecleaningandanneal-
well ordered,impurity free surfaceswhich sustained ing indicated (2 X 4) surface reconstructionwhilst
reproducibleepitaxial a-Sn films. Figs. lb—id show for CdTe only bulk diffraction streakswere observed
Auger spectra of InSb(00l) which illustrate the in bothazimuthsindicating(1 X 1) surfacesymmetry.
sequential removal of 0 and C by this process.The Following substratepreparationthe Sn oven tern-
spectrumin fig. 1 d was recordedafter an integrated peraturewas adjustedto give an arrival rate of Sn
dose of ~~~l017 (Art 500 eV) ions cm2 and an atomsequivalentto a growth rateof 0.5 pm h’ and
integratedanneal timeof 3 h. The 0 andC impurities thesubstratetemperatureto —20°C.Film growthwas
havebeenreducedbelow the detectionlimit of —1% then commencedby opening the Sn oven shutter.
monolayer.Sideeffectsof ion bombardmentsuchas The electron diffraction pattern changedto (2 X 2)
In metal island formation (Cullis and Farrow [13]) symmetry immediately growth commenced(see fig.
were found to be negligible at the ion doselevels 2c) and remainedwith this symmetryup to an a-Sn
(~l017cm2) usedin this work. film thicknessof ~0.5 pm. No changein the spacing

Reflection electron diffraction patterns of the of the bulk diffraction streakswas observedduring
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Fig. 2. Reflection electrondiffraction patternsrecordedbeforeandaftera-Sngrowthon InSb(001),electronenergy5 key, beam
current 1 ptA: (a) InSb(001) surfaceimmediately prior to a-Sngrowth, beamalong [1101 azimuth;(b) InSb(001)surfaceimme-
diately prior to a-Sngrowth, beamalong [1101 azimuth; (c) after growth of 0.1 .im a-Sn,beamalong [110] azimuth;(d)after
growthof 0.5 ~m a-Sn,beamalong11101 azimuth.

growth up to 0.5 pm, indicating that the film con- 4. Structural analysisof the films
sisted of a-Sn not 13-Sn which has a considerable
lattice mismatch to both InSb and CdTe. During The structureand surfacemorphologyof thea-Sn
growth, the substratetemperatureincreasedto +25°C films were examinedby scanningand transmission
as a result of radiation heating from the Knudsen electron microscopy, electron channeling, X-ray
oven (T~1270°C). As the film thickness was texture analysisandX-ray diffractometry.In particu-
increasedbeyond 0.5 pm the diffraction streaks lar, the microscopy studies of the films showed
becamemore, diffuse with evidenceof a departure directly thedynamicsof the phasetransformation.
from cubic symmetry.13-Snnucleii becamevisible as
white speckson an otherwisemirror-smoothreflect- 4.1. Electron microscopestudiesof a-Snfilms: as-
ing film. X-ray texture analysis on films thicker depositedand during transformation
than 0.5 pm confirmed (see section4) the white
specks as 13-Sn regions. Ge-dopeda-Sn films were When relatively thin (‘~2000A) as-grown a-Sn
preparedfrom a beamof composition1% Ge in Sn. films on (00l)InSb substrateswere examinedin the
In the caseof thesefilms no significantchangein the scanningelectronmicroscope(SEM) theywere found
quality of the (2 X 2) symmetry a-Sn diffraction to be relatively uniform with only slight background
pattern was observedas the film increasedin thick- undulationson the scaleof ‘-~200A. However,some
nessbeyond 0.5 pm. Moreover, the film remained discontinuities on the scale of ~l000 A were also
mirror smoothandreflecting. present,as shown in fig. 3a. Thesemay havebeen



510 R.F.C. Farrow etal. / Growthof metastable,heteroepitaxialfilms of a-Sn

Fig. 3. Scanningsecondaryelectronmicrographsof a Sn film on (001)InSb: (a), (b) as-deposited;(c), (d), (e) duringprogressive
a to ~ transformationat ~75°C. Electron channellingpatterns(f), (g) correspondto the as-depositedandtransformedphases,
respectively.

producedby depositionof Sn onto substratesurface (fig. 31) that is orientationwas (001), matchingthat
irregularities. Nevertheless, the overall good uni- of the substrate.When this film was heatedin the
formity of the film is demonstratedin fig. 3b and, SEM hot-stageit was possibleto directly observethe
indeed, electron channelling patterns confirmed details of the a-Snto 13-Sn transformation.For tern-
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peraturesup to 60°Cthere was little evidence of at theselocations(fig.4b).The interphaseboundaries
changein the film structure.However,whenthe tern- were sometimeslocally straight, and as shown in
peraturewas raisedto ‘—‘75°Cthe 13-Snphasewasseen fig. 4c the transformed13-phasematerial was poly-
to nucleate in local areaswhich then expandedinto crystalline in nature. Further details will be given
the remaining a-Sn film. This processis illustrated elsewhere(Cullis andFarrow[14]).
in figs. 3c—3ewherethe newly forming 13-Sn appears
brighter than the original film and containsmicro- 4.2. X-rayanalysisofas-growna-Snfilms
cracksdue to its increaseddensity. Within a period
of approximately15 mm the transformationto 13-Sn X-ray texture patternsof Sn films up to 0.5 pm
was completeand electronchannellingpatterns(fig. thick grown on clean,orderedInSb and CdTe sub-
3g) showed few features indicating that the film stratesshowed only oneset of diffraction spots(see
crystalperfectionhadbeenseverelydegraded. fig. 5a) consistentwith parallel epitaxyof ct-Sn. The

It is interestingto note that, when a film trans- lattice parametermismatchbetweenthe a-Sn film
formed as describedabovewas cooled towardsroom and InSb or CdTe substratesis <0.2%which resulted
temperature, partial reformation of the original in indistinguishableBraggdiffractions on the texture
a-Sn phase was observed.However, after a further pattern.DoublecrystalX-ray diffraction wasusedto
heating cycle at 75°Cto reconvert the Sn to the deconvolutethe substrateand film diffractions (see
13-phase, the reformation of a-Sn could not be below). X-ray texturepatternsrecordedfrom 0.2 pm
achievedby cooling, thick Sn films depositedonto 0 andC contaminated

Prethinneddiscsof InSbontowhich ‘--‘200 A thick substrateswhich hadnotbeensubjectedto ion clean-
Sn films had been depositedwere examinedin the ing and annealingshowed (see fig. Sb) the presence
transmissionelectronmicroscope(TEM). This study of lines due to polycrystalline 13-Sn. 13-Sn lines were
confirmed that the initial a-Sn overgrowthwas per- also observed from Sn films, thicker than 0.5 pm
fectly alignedwith the (OOl)InSbsubstrate(fig. 4a), grown onto clean,annealedsubstrates.However, in
the film itself containing few extended crys- the case of films dopedwith 1% Ge, thetexturepat-
tallographicdefects.However,a scattereddistribution tern showed only a single set of diffraction spots,
of small inclusionswas observedand,whenthe speci- indicating parallel epitaxy of a-Sn,evenfor films as
men was heated to ‘--‘75°C in the TEM hot stage, thick as 1 pm. In addition, 13-Snlines were observed
islandsof 13-Sn were often seento nucleateandgrow from Sn films depositedonto ion cleanedsubstrates

9;, ______

_______ 1111W. ~~ia-i

Fig. 4. Transmissionelectron diffraction pattern (a)correspondsto as-deposited(OOI)a-Snon (001)InSb.Transmissionimages
(b), (c) showtheformationandgrowthof thepolycrystalline13 phase.
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Fig. 5. (a) X-raytexturepatternof
0.2gmthick a-Snfilm grown in a clean,orderedlnSb(001)substrate.Thesinglesetof diffrac-

tion spotsis consistentwith parallel epitaxy of a-Sn.CrKa radiation. (b) X-ray texturepatternof 0.2 j.tm thick 13-Sn film on 0, C
contaminatedregion of InSb(001)substrate.In this casethepolycrystallinenatureof the13-Sn film is evidentfrom thehorizontal
(constant0) powderlines all of which canbeattributedto tetragonal13-Sn.CrKa radiation.
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which hadnot beenannealedto restoresurfaceorder. curves for thesethreecasesare shown in fig. 6 and
These observations show that for nucleation and the stateof strain of the epitaxiallayersis detailedin
growth of a-Sn it is necessaryfor thesubstratesto be table I. Data were derived from diffraction experi-
bothcleanandordered. ments using different X-ray wavelengthswhich are

Double crystal X-ray diffraction measurements given under the “hkl” entry whereCr, Fe and Cu
were madeon a-Snfilms grown ontobothCdTe and refer to chromium, iron and copper Ka, radiation,
InSb (001) orientation substrates and on 1% ~ is the inclination of the latticeplaneswith the crys-
Ge-dopedct-Sn films on InSb. Doublecrystal rocking tal surface.0 (deg) is the calculatedBragg anglefrom

a 0i
1jme-Sn/CdTe(001)l

T=25°C ]counts _____________________________

200 - InSb(004) 0ICdTe(117) Counts b 02~m~—Sn/InSb~O1}IT=25-]C

2000 -

100 ~—Sn(117) ~-Sn(004)

1000”
I

0 I C
________ 58-0 57~6 450 — e ~ 448

~nj8 C 0’2j1mo—sn(,1%GeVi~~l
S

I ~ lnSb
(004) T= 25-B’C (001)

= 0007’

—Sn(004)

2000 ~

0 I

450 o 449

-‘----0
Fig. 6. (a) Double crystalrockingcurvefor 0.2 ~zmthick film of a-Snon (00l)CdTe;CuKaradiation,T = 25°C.Analysingcrystal:
gadolinium gallium garnet(888) Bragg diffraction. (b) Double crystal rocking curvefor 0.2 ~.smthick film of a-Snon (001)InSb;
CrKa radiation,T= 25.7°C(004)a-Sn/InSbwith analysingcrystal silicon(113). (c) Doublecrystalrockingcurvefor 0.2 ~m thick
film of 1% Ge-dopeda-Snon (001)InSb;CrKa radiation. T’°25.8°C.(004)a-Sn/InSbwith analysingcrystal silicon (113). ~
refersto full width (in degrees)athalf maximumpeak height.
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Table 1
Lattice parameterdata for a-Snfilms, determinedby doublecrystal X-ray diffraction (for detailsofthetable seetext)

hkl 0 ISO (ISd/d)obs (ISd/d)calc Substrate
(deg) (deg) (s) x i~ x io4 lattice

parameter
at25°C(A)

a-Sn on InSb(00l):
004 Cr 0 44.97 558(13) 27.1(6)
004 Fe 0 36.70 419(9) 27.3(5)
008 Cu 0 71.99 1710(17) 27.0(2)
117 Cu 11.3 58.10 894(17) 27.0(5) 26.1 6.47980(1)
115 Cr 15.6 66.6( 1243(17) 26.0(4) 25.1
115 Fe 14.6 50.92 669(13) 26.3(5) 25.1
224 Cr 35.3 59.94 619(15) 17.4(4) 18.0
a-Sn (1% Ge) on InSb(001):
004Cr 0 44.97 237(8) 11-5(4)
117 Cu 11.3 58.10 373(13) 11.2(4) 11.1 6.47980(1)
115 Cr 15.6 66.64 486(13) 10.2(3) 10.7
224 Cr 35.3 59.94 227(9) 7.8(3) 7.7
a-Snon CdTe(001):
004 Cr 0 44.94 415(25) 20.2(12) 6.48289(1)
224 Cr 35.3 59.90 501(25) 14.1(7) 13.5

the substratelattice parametermeasuredby theBond 1% Ge to the Sn brings the a-Sn lattice parameter
method [IS]. Differentiationof Bragg’s Law yields closerto the value for the InSb substrate.Thevalues
~d/d = z~0cot 0 of (M/d) calculatedfrom (~d/d)

1cos
2Øare in good

agreementwith the observed values, andare consis-
where .~d/d= (dL — ds)/ds,and dL and ds refer to tent with a symmetricaluniaxial strain in the a-Sn
the lattice parametersof the layer and substrate films. In all threecasesthereis latticematchingat the
respectively. I~0 (s) is derived from the double- interfaceby anin-planecompressionof the film. This
crystal experimentusing the peakseparationof the resultsin an elasticdistortion anddilation of thefilm
substrateand layer. (Ad/d)calc was computedfrom along [001], giving a tetragonalsymmetry.Usingthe
the relationship(ad/d)

1 cos
2Ø,where (~d/d)

1is the approachof Hornstraand Bartels [171, a value for
measured difference in the lattice plane spacing the unstraineda-Sn lattice parameterhas beenesti-
perpendicularto the growth direction.In all casesthe matedfrom the relationship
width of the film diffraction peaksis greaterthan —

that of the substrate.This may indicatea higherden- (~/&5x — (Ad/d)1(1 — v)/(l +

sity of structuraldefectsin the film thanin the sub- where v is the Poissonratio. If a magnitudeof 0.57
strate,althoughdiffraction broadeningeffectsdueto is assumedfor (1 — v)/(l + ‘), which is the value for
the rather thin layers (0.2 pm) cannotbe excluded. Si and Ge, then arelax = 6.4897(2) A is derived for
The width of the CdTe substratediffraction peaksis undopeda-Sn.This is closeto the literature valueof
considerablygreaterthan that of JnSbwhich is due 6.489 for a-Sn [18]. A similar calculation for Ge
largely to the presenceof low anglegrain boundaries dopeda-Snyields 6.4839(2)A for theunstrainedlat-
in the CdTe crystalsused in the study [16]. The dif- tice parameter.The addition of Ge significantly
fraction conditions used in recording the rocking reduces the mismatch and the uniaxial strain as
curves in figs. 6b and 6c were identicaland it is con- expected,on the assumptionthat Vegard’sLaw holds
cluded from the smaller separationof the substrate for solid solutionsof Ge in a-Sn.From valuesof the
and film peaksin the latter case,that theaddition of unstrainedlattice parameterfor a-Sn (derivedabove)
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and a literature value of 5.6576 A for Ge [191,the mentionedpreviouslyof undopeda-Snfilms showed
level of Ge in the a-Snfilm is calculatedto be 0.7%. that the a -> /3 transformationoccurred at ‘—70°C
The calculatedGe level is close to that expected and was reversible for a singletransformationcycle.
(—1%) from a considerationof thevapourpressureof The integrateddiffractions from the (200),(101)and
Ge, the temperatureof the Knudseneffusion oven (211) peaksof the tetragonalsymmetry /3-Sn phase
andthe expectedunity stickingcoefficientfor Ge. weremonitoredasafunctionof sampletemperatureat

10°Cintervals.Fig. 7 shows the results of the mea-
43. X-ray analysisofthe effectofheatingon theGe- surements.It is clear that the onsetof thea -÷ /3 trans-
dopeda-Snfilms formation is in the temperaturerange70—80°C.This

is in agreementwith the finding of Ewald [20] that
An X-ray diffraction analysis was made of the addition of 0.75 wt% Ge to Sn increasedthe a -÷ /3

effect of increasedtemperatureon a 1 pm thick, transformationtemperatureto at least 60°C.It is
1% Ge-dopeda-Snfilm. Electronchannellingstudies interesting that, unlike the undopedSn films, the

transformationof the Ge-dopedfilm was irreversible
on cooling to 20°C.

o < C C

500 0~ 5. Electricalmeasurements

— Hall mobility measurementswere carried out on
/ 0.5 pm thick a-Sn films grown on high resistivity

S I (>106 U) CdTe(001)orientation substrates.These

~ 000 -

0 1
I N—’- cm~

I ~— 4 io
18 H io2010 I

I — I — Tulle • Ewuld 1961bulk .u-Sn

400 - / I~~

J 2 T=77K

I 10
200— /

~ “NNN No—>.——o3ieer° 1 RH

I I
0 50 00 0 ‘N

T=77K +
TEMPERATURE (~C )

Fig. 7. Integrated intensity of (200), (101) and (211) Bragg 0-1
peaks from the tetragonal p-Sn phase present in a 1%

Ge-dopeda-Snfilm as a function of temperature.The curve HOLE CONCENTRATION

representsthe a —~0 phase transformationin the film. The Fig. 8. 77 K hole mobility (RH) andHail coefficient (RH) as
smail but significant initial count rateat20°Cis partly due a function of hole concentration:(o) bulk samplesof a-Sn,
to backgroundcountsand partly to a localizedp-Sn region data from Tufte and Ewald [21]; (+) presentdata, MBE
presentin the sampleareaanalysed. grown films.
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measurementsshowed that the films were repro- as observedby the authorandco-workers(Farrow et
ducibly p-type with carrier concentrationsin the al. [4—7], Cullis and Farrow [131) in the cases of
range (1—4) X i0’~ cm3 at 77 K and 77 K hole epitaxyof Ag, Al andAu on InP substratesprepared
mobiities in the range 100—250cm2 V1 s~.The in the sameway as the InSb substratesin this work.
mobiities and Hall coefficientsfor threerepresenta- This view is supportedby the investigationsof the
tive films are plotted as a function of carrier concen- a-Snfilms describedin section4.1.
tration in fig. 8. Data for p-type a-Sn single crystal The stability of the epitaxial a-Sn films to ‘—-70°C
samplesreported by Tufte and Ewald [21] are also and the reversibility of the a—~ /3 transformation at
plottedin fig. 8. The PH andRH valuesfor the films temperatureswell abovethe generallyacceptedbulk
lie on lines of smooth extrapolationfrom the data transformationtemperatureof 13.2°Care both con-
of Tufte and Ewald for p-typecrystalsof a-Sngrown firmation that the films are a substrate-stabilized
from mercury solution. Initial- measurementsfor 1% metastablephase.The entire interfaceactsas a seed
Ge-dopeda-Sn films indicate similar carrier concen- crystal for the a-phasesince the absenceof surface
trationsandmobiitiesto thoseshown in fig. 8. impuritiesensuresintimate epitaxial contactbetween

D.C. I—V measurementsfor p-type a-Sn/n-type substrateand film. Clearly the interfacehasa lower
InSb heterojunctionsrecordedat 77 K showedthe misfit energy (Van der Merwe [23]) than the sub-
expected rectifying diode characteristic.Values of strate//3.Sninterfacewhich would have to accommo-
zero bias resistance(R

0)—junctionarea(A) products date a considerable mismatch in symmetry and
were in the range R0i1 ‘-‘ 1-—lU U cm

2. Infra-red dimensionprobably via a high densityof interfacial
photovoltaicresponsemeasurementsfor thesediodes dislocations.
confirmed a significant response at wavelengths The lattice parametermeasurementsshowthat the
greaterthan the InSb cut off at 5.7 pm. Initial mea- substrate/a-Snmisfit is accommodatedlargelyby mis-
surementssuggestan optical bandgapfor thea-Snof fit elasticstrainwhich leadsto thetetragonaldistortion
‘--‘0.12 eV. of the a-Sn lattice discussedin section 4.1. With

increasingfilm thicknessduring growth the influence
of the substrateon newly condensingSn atomswill

6. Discussion diminish and a point will eventuallybe reachedat
which nucleation of /3-Sn during growth at T>

The successful growth of heteroepitaxialfilms 13.2°Cwill becomeas likely as continuedgrowth of
of a-Sn describedin this paper may be contrasted a-Sn.This limiting thicknessappearsto be rvO.5 pm.

with the earlierunsuccessfulattempts(Becker [3]) in Ge-dopingwas found to have the samestabilizing
which growth was attemptedon InSb, Ge and other influence on the a-Sn phase as that reported by
substratesin an oil diffusion pumpedbell jar evapora- Ewald [201. Unlike the introduction of Ge into a-Sn
tor system.In the lattercasethe residualbackground from solution in liquid Sn, however, there should
pressure was ‘--‘i0~ Torr with H

20, CO, CO2 and be no limitation to the levelsof Ge and Si which may
hydrocarbonsas the main vapourspecies.This would be introducedinto the a-Snby the methoddescribed
haverenderedimpossiblethe removalof contaminant in this paper.
impurity atoms,suchas C and0, from the substrate Electrically, the two most significant findings are
surface prior to growth. Thus, as we have shown, that the films are strongly p-type and that the p—n
only the /3-Sn phasewould havegrown under such heterojunctionphotodiodesexhibit significant photo-
conditions. Clearly, for a-Sn film growth, Sn atom voltaic responsebeyond the InSb long wavelength
condensationmust occuron a cleanandwell ordered cut-off of 5.7 pm at 77 K. Since the Sn source
isomorphoussubstrate. material used in the Knudsenoven contains<1016

The RHEED observationof a strongly streaked cm
3 total impurity atomsit may beexcludedas the

(2 X2) patternduring theinitial stageof film growth, origin of >i019 cm3 acceptorimpuritiesin thefilm.
and subsequently,supportsthe view that the a-Sn However, three otherpossiblecausesshouldbe con-
grows by a two-dimensionallayer mechanismrather sidered. Firstly, at the Sn oven operatingtempera-
than by nucleation and coalescenceof metal islands ture of 1270°Csignificant thermal decomposition
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of the pyrolytic boron nitride componentsof the which is below the detection limit of the present
oven is expectedon thermodynamicgrounds.For Auger system.SIMS analysesof thefilms do notsup-
example, the dissociation vapour pressure of N2 port this model. As for the possibility of electrically
over boron nitride at 1270°C,calculatedusingz~.H° active point defectsbeing responsiblefor the p-type
andS°valuesfrom the NationalBureauof Standards electrical activity, it is conceivablethat some local-
compilation [22], is p(N2) l0~Torr. This would ized nucleationof 13-Sn could result in vacanciesor
correspondto an impurity level of 0.1%in the Sn vacancy—metalcomplexesin the a-Sn lattice which
beam but since the sticking coefficientof N2 under may have associatedacceptor levels. Whilst some
MBE conditionsis expectedto be zero (N2 is a vola- localized 13-Sn regions do occur at regionsof distur-
tile gasat theMBE growth temperatureof~2S°C)no banceat the film—substrateinterface(seesection4.1)
resultant electrical effects on the film are to be the bulk is free of 13-Snnucleiiandit seemsunlikely at
expected.On the otherhand,the solid boronproduct this stagethat native defects are responsiblefor the
of the oven dissociationis expectedto havea signi- p-typedopingof the films.
ficant vapour pressure of monatomic boron at The presenceof uniaxial stress in the films is
1270°C.Data on p(B) over boron cover a very wide likely to havea profoundinfluenceon the bandstruc-
range. For example,p(B) at 1270°Ccalculatedfrom ture of a-Sn.Assumingthe bandstructuremodel of
ref. [22] is 3.4 X i0~Torr. However, Knudseneffu- GrovesandPaul [25] holdsfor bulk a-Sn,dilationof
sion data on carefully outgassedcrystalline boron the a-Sn lattice in the [001] direction is expected
summarizedby Nesmeyanov[28] give p(B) = i0~ (Averous [26]) to lead to overlapping of the F8
Torr. This latter level would correspondto an heavy and light hole bandsand thus to an increas-
impurity level of 10% in the Sn beam!Modulated ing degreeof metallicbehaviour.On the otherhanda
beam mass spectrometric(MBMS) studiesshowed compressivestrain along [001] is expectedto leadto
no evidence for boron at this level. However, since a separationof the [‘~ bands, thusopeningup a gap
the MBMS detection limit in this work was rather and convertinga-Snfrom a semimetalto a semicon-
high it is possiblethat boronat the 0.1% level could ductor. Thismodel,however,appearstobeat variance
have beenpresent.Assumingthe sticking cpefficient with the measuredstructuraland electricalproperties
of boron (a likely acceptorimpurity in a-Sn)to be of the present films. For example, the measured
unity, under the present a-Sn growth conditions, uniaxial dilation along [001] for a-Sn on InSb is
such a level could account for the measuredaccep- equivalentto [001] uniaxial tensionwhich according
tor concentrationof ~.~~1019cm

3. Secondaryion to Averous would lead to metallic behaviourrather
mass spectrometry(SIMS) studieshave in fact con- than the semiconductingbehaviourindicatedby the
firmed boronasthe main film impurity andtherefore Hall data and photovoltaic responsemeasurements.
qualitatively support the view that oven dissociation The effect of differential thermal expansionof Sn
is the causeof p-typedoping. and InSb (Novikova [27]) is such that only a small

Two othercausesof spuriousdopingsare possible, reductionin uniaxial strain is expectedon cooling
however, and cannot be excludedat this stage.These from 300 to 77 K. Certainly,an inversionin thesign
are the autodoping of the film by outdiffusion of of the strain can be excludedon the basisof Novi-
substrateelementsand the possibleelectricalactivity kova’s data. Clearly,measurementson the shapeof
of point defectsin the films. It is well known(Mont- the optical absorptionedge and photoconductivity
gomery et al. [24]) that the depositionof metal films of higher purity films are requiredto clearly resolve
on compoundsemiconductors,such as GaAs, InP or the bandstructureof a-Sn.
CdTe can result in displacementof substrateatoms
which may migrate to the surfaceof the metal film
during deposition.In-situ Auger analysisduring the 7. Conclusions
presentexperimentsshow no evidenceof this effect
but it is possiblethat In or Cd (from InSb or CdTe Heteroepitaxial a-Sn films have been grown on
substratescouldbe uniformly distributedthroughthe clean, ordered(001) InSb and CdTe surfacesunder
a-Sn films at a level of ,~~i019cm3 (i.e. ‘~0.05%) controlled andmonitoredconditionsin an MBE sys-
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tem. The structuraland electricalpropertiesof these [3] Ji-l. Becker,J. Appi. Phys.29 (1958) 1110.

films have been explored and the main conclusion 14] R.F.C. Farrow, J. Phys. D. (App!. Phys.) 10 (1977)

maybesummarizedas follows: L135.
[5] R.F.C. Farrow, AG. Cullis, A.J. Grant and J.E. Pat-

(1) Heteroepitaxiala-Sn films, up to 0.5 pm thick, tison,J. CrystalGrowth45 (1978)292.

grow readily on clean, ordered (001) InSb and [6] R.F.C. Farrow and G.M. Williams, Thin Solid Films 55

(001) CdTe surfacesat T—25°Cby direct conden- (1978) 303.

sationof a beamof Sn atoms. [7] R.F.C. Farrow, A.G. Cullis, A.J. Grant, G.R. Jonesand
(2) A necessaryconditionfor a-Sngrowthis that the R. Clampitt, Thin Solid Films58 (1979) 189.

substratesurfacebe bothcleanandordered.Thiswas [8] R.F.C. Farrow, in: Crystal Growth andMaterials, Eds.E. Kaldis and H.J. Scheel(North-Holland,Amsterdam,
achieved in the presentexperimentsby low-energy 1977)ch. 1.7.

ion bombardmentandannealing.Depositionof Snon [9] CA. Wallaceand R.C.C. Ward, J. App!. Cryst. 8 (1975)

surfaceswith 0 or C asimpuritiesor residualdisorder 42.

resultedin nucleationandgrowth of 13-Sn. [10] W.J. Bartels and W. Nijman, J. Crystal Growth 44
(1978)518.

(3) The a-Sn films are a subst-rate-stabiizedmetast- [11] M. Hart and K.H. Lloyd, J. App!. Cryst. 8 (1975) 42.

ablephasewhich undergoesa reversiblea —~13 phase [12] G.R. Jones, K.H. Lloyd and l.M. Young, to be

transformationat‘-~-‘70°C.Ge-dopingof the a-Snfilms published.
permits growth of films thicker than 0.5 pm by [13] AG. Cuilis and R.F.C. Farrow, Thin Solid Films 58

increasing the bulk transformationtemperatureto (1979) 197.

‘—‘70°C [14] AG. Cullis and R.F.C.Farrow, to bepublished.
[15] W.L. Bond, ActaCryst. 13(1960)814.

(4) The a-Sn films arestronglyp-type, probably as a [16] G.R. Jones,!.M. Young and R.F.C. Farrow, to be

result of boron doping arising from the dissociation published.

of theboronnitride oven components. [17] J. Hornstra and Wi. Bartels, J. Crystal Growth 44
(1978) 513.(5) The presenceof uniaxial strain in the a-Snfilms [18] J.D.H. Donnay and H.M. Ondik, Crystal Data— Deter-

has beenconfirmedby double crystalX-ray diffrac minative Tables,Vol. 2, InorganicCompounds,3rd ed.

tion measurements. These measurements have (NSRDS/JCPDS,USA, 1973) p. C-162.

revealedthat the film has tetragonalsymmetryas a [19] Ref. [18], p. C-123.

result of in-plane compressionimposedby the con- [20] A.W. Ewald,J. App!. Phys.25 (1954) 1436.

straint of epitaxy. [21] ON. Tufte and A.W. Ewald, Phys. Rev. 122 (1961)1431.
[22] National Bureau Standards (US) Tech. Note 270-3

(NBS, Washington,DC, 1978).
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