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Thegrowth andelectronicpropertiesof a-Sn thin films grown
on InSb(100)and(111) substratesby molecularbeamepitaxy(MBE)

W.T. Yuen ‘i’, W.K. Liu ~, R.A. Stradling ‘~‘~ andB.A. Joyce*

imperial Collegeof Science,Technologyand Medicine,Prince ConsortRoad,London SW72BZ, UK

Thegrowthand electronicpropertiesof a-Snfilms grownon InSb(100)and(iii) are investigatedby RHEED, Shubnikov—De
Haas(SDH) andmagneto-opticalstudies.Two new structures,p(2 X2) andc(4X 4) apartfrom the commonlyobservedtwo-domain
(2xl), are observed on the (100) surfaces when the overlayer thicknessesapproach 500 A and 1000 A respectively. The
a-Sn/InSb(1T1)surfaceexhibitsa (3x 3) reconstructionup to anoverlayerthicknessof 1000 A and a (3x 1)is developedon further
growth.It is foundthat not only thesurfacestructuresof the a-Snfilm vary with substrateorientationsand thethicknessesof the
overlayer,the chargeconcentrationof the two dimensionalelectrongas(2DEG) at theinterfacealsoexhibits similarbehaviour.The
propertiesof the 2DEG are investigatedby Shubnikov—DeHaas(SDH) experimentsand possiblemechanismsresponsiblefor the
occurrenceof the2DEG arediscussed.Magneto-opticaldataindicatethepresenceof carriersdueto the a-Snlayerwith m* ranging
from O.028m

0to 0.034m0.

1. Introduction [4]. Severalgroups have independentlyreported
the growth of high quality n-type a-Sn thin films

The observationof a two-dimensionalelectron on CdTe [5—9]and InSb [10] substrates.The con-
gas (2DEG) at the interfaceof a lattice-matched finementof carriersin the thin film (quantumsize
nonpolar—polar system, namely the....a-Sn/InSb effect) has recently been reported [8], but ap-
heterostructure[1], hasalreadybeenreported.Re- parentlya 2DEG wasnot observed.
suits from sampleswith various film thicknesses
seemto suggestthat the electronicproperties,in
particularthe2DEG, mayberelatedto the surface 2. Experimental
structuresof the substrateand the overlayer. In
this paperwe will presenta brief report of the The samples investigatedwere 0.02—0.35 ~ism
growth and electronic propertiesof a-Sn films thick a-Sn overlayers grown on InSb(100) and
grown on InSb(100)and(lii) surfacesas studied (111) surfaces(Cd doped to 1014 cm

3 for the
by reflection high energy electron diffraction p-typeandTe dopedto 1014 cm~ for the n-type:
(RHEED) [2], Shubnikov—De Haas(SDH) and• bothsuppliedby MCP, UK), using athree-cham-
magneto-opticalmeasurements.The propertiesof ber MBE machine. Details of the growth and
the 2DEGwill thenbediscussedin thelight of the samplepreparationhavebeenreported in earlier
various experimentalresults. A detailed analysis papers[1,2] and will not be repeatedhere.
of the SDH andmagneto-opticaldatafor the a-Sn
films will bereportedelsewhere[3].

The growthof a-Snanda-Sn
1 ~Ge~thin films 3. Resultsanddiscussion

hasrecentlybeenthe subjectof considerableinter-
est following the pioneeringwork of Farrowet al. 3.1. Surfacestructuresof a-Sn(100)and(111)films

* Interdisciplinary Research Centre for Semiconductor Surfacestructuresof the a-Snfilms grown on
Materials. InSb substrateshave been studied by RHEED
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streaks in several Laue zones of the RHEED tion analysisis essentialfor the studyof complex
patternsobtained from threedifferent azimuths surface structuresin which several surface do-
are examinedas a function of film thicknesses. mainscoexistat the sametime. For instance,half
This “multi-azimuthal, multi-Laue zone” diffrac- order streaksalong <110) azimuthstogetherwith

anintegralstreakalong[100]canbothbe found in
the zeroth Laue zone of two-domain(2 x 1) as

~ (a. u.) well as two-domain c(4 x 2) structures.The dif-
ferencebetweenthesetwo structurescan only be
distinguishedfrom the diffraction streaksin higher
orderLauezones[2].

The growth of a-Snon InSb(100)-(4X 2) starts
with the quenchingof the substratesuperstructure
for the first 20 A, leavingabulk structuretogether
with strong backgroundin the RHEED patterns.
Usinga growth rateof about0.5 sm/h,the surface
structuresof the a-Sn films undergoa thickness
dependentchange: two-domain(2 x 1), p(2x 2)

______________________________ andc(4 x 4) structuresare observedat film thick-
0 2 4 6 B (1) nessesof 20, 500 and 1000 A respectively.When

the film thicknessexceeds1000 A, the surface
structurebecomesvery complicated:1D disorder

INT. (au.)
accompaniedby atomic steps is observed. The

and a dimer model [2] has been proposedto
accountfor the occurrenceof thesestructuresonsurfacehas beencomparedwith that of Si(100),
the a-Sn(100)surface.

b presenceof these structures on the a-Sn(100)The growth of a-Sn/InSb(ll1)-(3X 3) is sim-pler than that of the(100) surface:a (1 x 1) bulkstructureis observedfor the first 20 A of growthand then a (3 X 3) structuretakesover until the(ii) thicknessexceeds1000 A. Furthergrowth reducesthe intensityof the 1/3 order streakalong [112]
0 25 50 75 B(T)

and a (3 X 1) structurebegins to develop as the
film thicknessreachesabout1200 A. The observa-

P~(au.) tion of the (3 x 3) structureagreeswith that re-

B,,

Fig. 1. (a) Experimentalrecordingsof the secondderivativeof
themagne’toresistanceof ana-Sn/InSbstructureat4.2 K with

(ii) the magneticfield appliedperpendicularto the plane of the
samplefor the(i) 200 A and(ii) 3000 A thick film grownon
InSb(100), and (iii) 1200 A thick film grown on InSb(111)
surfaces.(b) ThecorrespondingFFT powerspectrumfor these
threesamplesand(c) diamagneticresonancesdueto depopula-
tion of carrier into lower subbandswhen magnetic field is
appliedparallel to theplaneof thesample.Depopulationfields

0 2 4 6 B (T) of individual subbandsareindicatedby thearrows.



WT Yueneta!. / Growthandelectronicpropertiesof a-Sngrown on InSbby MBE 945

portedby Kasukabeet al. [11]but differs from the ~ff (a. a.)

(1 x 1) structureobservedby Hochstet al. [12]. —

Note that the surfacestructuresof the a-Sn a-Sn/lnSb (III)

films dependon the overlayerthicknessand sub- 600

strate orientations. It is found that the 2DEG 0

exhibits similar behaviour: the carrier concentra-
tion of the 2DEG seemsto be affected by the / “
orientationas well as the thicknessof the sample 1 0

(seesection3.2below).

250

3.2. Shubnikov—DeHaasresults

Hall measurementsindicatedthat the first few 00

structuresgrown in the reactorwere p-type but 0 20 40 B (1)

that latersampleswere n-typeevenfor films only
200 A thick. Thepresenceof a high-density2DEG Fig. 2. TheFFT powerspectrafor the a-Sn/InSb(111)sample

with themagneticfield appliedatangle8 to thenormalof the
is evidentfrom the complicatedmagnetoresistance surfaceplane. Note that the fundamentalfield for the sub-

structuresasdepictedin fig. la. Notetheremarka- bandshasbeenscaledto the B cos8 term, i.e. for a perfect

ble difference between the peak structuresob- 2DEG the peaks should follow the dashedline. At about
servedfrom the thick (3000 A) and the thin (200 0= 450 somepeaksappearto mergetogether: this could be

A) films. Due to the complicatedoscillatorystruc- attributed to the changeof Landau level spacingrelative to
that of thespm-sphttingas0 increases.

turesm the magnetoresistance,fast Founertrans-
form (FFT) of the magnetoresistancedata is re-
quiredto determinethe (1/B) periodicity andto mentswere performedwith a-Sn/InSb(100)and
identify individual subbands.The FFT power (111) samplesandthe resultsfor the (111)surface
spectrumshownin fig. lb indicatesdistinctly the are shown in fig. 2. With this sample,spin-split-
existenceof as many as nine subbandsin the ting apparentlybecamedominantat an angleof
a-Sn/InSb(11l)sample.When the magneticfield approximately450~ Up to 320, the Fourierpeaks
is appliedparallel to the samplesurface,the bot- from the first two subbandsshowed little in-
torn of the electricandmagnetichybrid subbands fluenceof spin whereasthe spin-splittingtermsfor
will be shifted upwardsthrough the Fermi level. subbandswith i> 3 becamemuchweakeron rota-
As a result,chargecarrierswill beredistributedto tion. Note that almostall of thesubbandsfollows
the lower subbands.The reductionin inter-sub- the 1/cos 0 rule. On the otherhand,experiments
band scatteringgives rise to “diamagnetic reso- takenwith small intervals in 9 with spike-doped
nances”.Fig. lc showsparallelfield measurements InSb grown at low temperature(240°C) showed
which consistentlydemonstratethe presenceof a somedeviation from the 1/cos 0 relationshipat
largenumberof subbandsin the thin film. small angles[3]. While diffusion of Si dopantin

The resultsof “tilting” experimentsin which thesesampleis expectedto below [13], it may still
the magneticfield is rotatedto a variableangle 9 be significanton the scaleof the cyclotron radius.
with respectto the normalof thegrowthplanecan Moreover,Fourier analysisdataon 8-dopedInSb
be very informative.For a true 2DEG the funda- samplesindicatedthat the spin-splittingtermsdid
mental fields of the Shubnikov—De Haasseries not becomedominantuntil 0> 500. The sigmfi-
shouldincreaseas 1/cos9, i.e. the separationof cant differencesbetweenthe a-Sri structuresand
the Landaulevelsshoulddecreasewith increasing the 8-InSb layers suggestthat the 2DEG in the
9. On the other hand, spin-splitting should be formercaseinvolvesthe a-Snlayeritself and that
independentof 9 for isotropic conductionbands little intermixingof the Sn andInSbhasoccurred
with theresult that it shouldbecomeprogressively awayfrom theinterface,i.e. an abrupthéterojunc-
moresignificant as 9 increases.Rotationmeasure- tion is formed.
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Substratessubjectedto the cleaningprocedure ferenceshouldincreasewith decreasingfilm thick-
without subsequentepitaxial growth do not ex- ness.Fig. lb indicated that the reversetrend is
hibit any SDH oscillations,demonstratingthat the true for a-Sn/InSbfilms andthat the ratio of the
2DEG is not created by substrate cleaning subbandoccupanciesE~/E0+1 are relativelycon-
artefacts.The 2DEG chargedensityseemsto be stant(— 1.5) for both thin andthick films [3].
affected by the thicknessof the a-Sn film in a Hall measurementsindicatedthat the apparent
complex manner:for film thicknessbelow 3000 A bulk carrier concentrationof a-Snfilms grown on
it increaseswith overlayerthicknessbut it shows low doped p-InSb(l00) is of the order of 10i7

an opposite trend when the overlayer thickness cm ~. At 4.3 K the Fermi levels for the a-Snand
exceeds3000 A. Similarly, on reducingthe thick- p-InSbareabout20 and1 meV abovethe valence
nessof a 3000 A a-Snfilm by etchingin HC1 for 2 bandsof the two materials,respectively.Using the
ruin, the total chargedensity falls by about 10%. valenceband offset of 400±75 meV determined
One possibility is that the shapeof the potential by core-level photoemission studies [15], the
well maychangebecausethe dielectricconstantof vacuumFermi level of a-Snwould be about420
the a-Sn films varies with film thickness [14]. ±75 meV above that of InSb. In view of the
Dielectric effectscanalsoalter thepotentialof the narrowbandgapandhighcarrier concentrationof
well via the image force. We detect no SDH the a-Sn layer, most of the band bending will
structuresfrom films grown on n-type InSb sub- occur in the widerbandgapInSb(250 meV) and
strates even using field modulation techniques. the space charge region could extend several
However, theeffect mayhavebeenmaskedby the thousand ângstromsinto the bulk. However, a
high conductanceof the n-InSb substrate. large concentration of interface states, which

One important question remaining to be shouldvary with surfaceorientation,will alter the
answeredis the origin of the 2DEG. Quantumsize interfacialpotentialsubstantially.
effectscannotbe fully responsiblefor the 2DEG:
for a squarewell, the differenceof theconsecutive 3.3. Magneto-opticalresults
subbandenergiesas well as their occupancydif-

In order to understandthe natureof the 2DEG

as well as the propertiesof the carrierspresentin
INT. (a.u.) the bulk of the a-Sn films, high resolutionmag-

neto-opticalexperimentshavebeenperformedin
= 96 g.tm the Faradayconfiguration.Fig. 3 shows the pho-

+ m0 toconductivity responsefrom 3000 and 200 A
0.028m I

thick overlayersat a laserwavelengthof 96 ~tm.
The two structureslabelled S~and ~2 are the

t t boundholetransitions(s—p)dueto the Cddopant
A B in the InSbsubstrate[3]. A broadhumpat about5

T can be observed in the thinner film which

(a) quencheswhenthe film thicknessincreases.Simi-L_i lar behaviouris observedin the 118 ~tm wave-
s1 S2 length spectrum.This structureis tentatively at-

(b) tributed to the 2DEG. On the other hand, two

a 3 B ‘~ sharp peaks labelled A and B, which are also2 4 ~ found in the 118 ~tm wavelengthspectrumare

Fig. 3. Themagneto-opticalspectrumfor (a) 3000A and (b) identified as cyclotron structureshaving effective
200 A thick a-Snfilms grownon p-InSb(i00) surface. Laser massesof 0.028m0and0.034m0,respectively.Note
wavelength= 96 ~sm.The two peaksSi andS2 are dueto the

-. . that thesestructuresare almost unobservablem
boundhole(s—p)transitionsof thep-InSbwhile thestructures . .

A and B are thecyclotron resonancesof carriersin the bulk thethin sample,mdicatmgthat theyare dueto the
a-Snfilm. a-Snoverlayer.An effectivemassof 0.033m0with
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broadresonancestructurehasalso beenobserved lege Surface Scienceand TechnologyGroup for
in a-Sn/CdTesamples[16]. financial assistance.One of us (W.K.L.) would

like to thank the CVCP for the awardof an ORS
studentship

4. Conclusion
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