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Buried, orderedstructures:boronin Si(111) andSi(100)

R.L. Headrick, B.E. Weir, A.F.J. Levi, D.J. EagleshamandL.C. Feldman

AT&T Be!! Laboratories,Murray Hi!1,NewJersey07974, USA

Two-dimensional,metastable,orderedstructureshave beenpreparedby deposition atop uniquesurface reconstructions.This
discoverythat surfacesuperlatticestructurescan beburiedin crystallinesemiconductorssuggestspossibilitiesfor ordereddopingand
orderedalloy structureswith newelectronicproperties.In this paperwe summarizeour recentresultsin formingorderedstructuresof
boronon Si(100) andSi(111) and thepreservationof thesestructuresunder subsequentSi deposition.

The first realization of preserving a surface electron diffraction (LEED) and Auger electron
reconstructionundera depositedlayerwas in the spectroscopymeasurementswere performed. Fi-
a-Si/Si(111) system where the complex 7 X 7 nally, the surfacewascappedwith silicon at van-
structure remained at the interface formed by oustemperatures.All othermeasurements,includ-
clean Si(111)-7x 7 and subsequentdepositionof ing grazing incidence X-ray diffraction, ion
amorphoussilicon (a-Si) [1]. The realizationthat scattering/channeling,transmissionelectron mi-
orderedsurfacestructurescan be preservedat a croscopy,and low temperature(T= 4.2 K) Hall
buried interface suggestspossibilities for new effectmeasurementswere doneafter removingthe
metastablematerialsand interesting two dimen- cappedsamplesfrom the vacuumsystem.
sional phenomena.In this paperwe describeour GlancingangleX-ray diffraction, scanningtun-
recentobservationsof buriedstructuresin systems neling microscopyand first-principles theoretical
consistingof orderedboron adsorbateson <111)- calculationshaveestablishedthe structureof the
orientedSi surfaces[2—4].This atomic configura- Si(111)—B-~i X v~ surfaceas boron in a sub-
tion behaveselectricallyas a dopantsheetof atoms surfacesite, arrangedin a x ~ configuration
with high electrical activity. Similar resultshave [3,7]. Fig. 1 showsthis siteandcomparedit to the
recently beenreportedby Akimoto et al. [5] and morecommon X ~ configuration(T4 site) for
Tatsumi et al. [6]. In addition, we report new Ga andotheradsorbates.The stability of boron in
resultsof buried orderedboron layers in <100)- the subsurfacesiterelativeto the T4 adatomsiteis
orientedsilicon, relatedto relief of subsurfacestrain by the mecha-

Sampleswere preparedin a molecularbeam msm of substitutinga smaller boron atom for
epitaxy chamberequippedwith an electron gun silicon [3].
evaporator to deposit silicon, a quartz-crystal The fact that this orderedstructure is main-
thicknessmonitor, and a Knudsencell to deposit tamedupon room temperaturedepositionof a-Si
boron from HBO2. Oriented<111) and <100) Si is shown in fig. 2, which comparesthe glancing
substrateswerepreparedby chemicalgrowth of a angle X-ray diffraction of both the Ga and B
thin protectiveoxide layer, and then transferred structures.Retention of the strong third order
into the vacuum chamber.Once in the vacuum diffraction intensity in the boroncaseclearlymdi-
chamber,the oxide wasdesorbedfrom the sample catesthat the boron retainsits V5 x structure
andboronwasdepositedontothe surfaceup to a while Ga becomesdisordered. Detailed Auger
coverage of between zero and one monolayer. measurementsshow that the Ga surfacesegregates
After cooling to room temperature,low energy during Si depositionat room temperature,while
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boron remainsin a buried, orderedin configura- Fig. 3. Dependenceof the(~)surfaceX-ray diffraction in-

tion. Such segregationbehavioris consistentwith tegratedintensity as a function of annealingtemperaturefor

the buried sitefor boronandanatop sitefor Ga. the boronV~x V~surfacestructureoriginally coveredwith

A desiredconfigurationwould correspondto a-Si ( —100 A) (filled in circles). Also shownis thetemperature

epita.xial Si atop the orderedboronconfiguration. dependenceof normal incidence channeling for the Si over-

layerindicatingcompleteepitaxialregrowthat — 5000 C.

X-RAY DIFFRACTION Si (111) ,/3 x ,/~a-Si
Two possiblemethodsof achievingthis structure

o B~/3xvr3 are: (1) epitaxial regrowthof the amorphouslayer
• Ga~ 2 2 or (2) high temperaturedepositionof Si for epi-

(-~ -s-) taxial growth. Neithermethodworksideally in the

200 - Si(111)—B-~/~)< Vi case. Fig. 3 shows the de-
D creaseof the ~‘1X ~/1intensity with regrowth

oI- temperature.Epitaxy in the Si overgrownlayer is
o mdicatedby channelingmeasurementswhichmdi-
9
> cate crystallization with increasing temperature.
I- The X-ray intensity correspondingto the V’1

0z
w structuredeteriorateswith regrowth, indicating a
‘- 100 -z
— disordering of the boron structure as epitaxial

regrowthoccurs.High temperature(~5500 C) de-
• position of Si alsoresultsin borondisorderingand

• ~•• ~ D• ~ ~ ~ surfacesegregation,indicating that the metastable
0 D~ ~•

• ~• structureassociatedwith the ordered, 8-layer is
___________________________________ not stableat Si epitaxy temperatures.A separate

I I I I I0 -1.0 -0.5 0.0 0.5 1.0 seriesof measurementsindicatedthat the lowest
A9 (deg) temperaturefor Si(111) epitaxy is — 400°C, how-

Fig. 2. Rockingscanthroughthe(~)surfaceX-raydiffraction ever even at this low temperaturesome boron
rod for buriedboronandgallium surfacestructureson Si(111). disorderingoccurs.
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stratedin fig. 5 which shows~lancing X-ray dif-
fraction intensity from a 350 A Si layer grown at
— 400°Con Si(111)—B-~/~at and then further

• annealed.TheX-ray crystal truncationrod methodusingintegerh and k but continuous1, originally devel-

~ L 0 Si oped for determinationof surfacestructures, is
• B usedto identify this thin film structure.A total of

[112]
66 data points in the form of structure factors

Fig. 4. Bail and stick models for the film orientation and
interface structure for 0 (left) and 0.33 ML (right) boron Fhk(l) were obtainedby numericalintegration of
coverages.TheV’~x ~/i reconstructionof theinterfaceis intro- rocking curves and correctedfor the Lorentz fac-
ducedbecauseboron occupiessubstitutionalsites, occupying tor (sin 20) and active area (sin 20). We com-

everythird sitein a singlemonolayerat theinterface, pared(101)crystal truncationrod datafor a 350 A
silicon film grown at 400°Cand annealedat
1000°C for 2 h to structurefactors calculatedin

An interestingphenomenonis observedfor Si the kinematic approximation(fig. 5). The film is
epitaxial growth on the B- V’1 structure at low rotated180°with respectto the substrateabout
temperatures.Evidently the initial layers of Si the normal(111) axis, forming a singletwin at the
epitaxial growth are strongly influenced by the interface.The dashedline is the squareof .F~(l),
Si—B interaction, giving rise to a 180° rotated the structure factor F10(1) for the semi-infinite
configurationof the grown layerof Si (fig. 4). The silicon substratewith double-layer termination.
existenceof this layer is most strikingly demon- Thereare threeprominentpeaksthat do not cor-

respond to the substrate. The new peaks are

— I I I accountedfor by adding the 350 A thick rotated
[104]B E film into the calculatedstructurefactor.The solid

106 - [10l]~ [10~]B line shows the resultsof a calculationwith a 233

~ iO~ -
5, separationwas d = 2.35±0.09 A, i.e. the sameasz
w
~ jQ4 - the bulk layerspacing.This showsthat the simple

~ i0
2 ~ B least90% crystallographicallypure[8].// ~ / : monolayer,rotatedlayer. The optimum interfacetwin stacking sequenceis the correct interfaceo IO 1~ io~ ~‘ . structure.Transmissionelectronmicroscopycon-a- I firms this assignmentshowingthat the layer is at0 .1

101 / ~ We have recently reported a new boron-in-duced(2 X 1) surfacereconstructionat 1/2 mono-

io° I> I I I I I i layerboroncoverageon <100) orientedsilicon[9].
-6 -4 -2 0 2 4 6 To our knowledgethis reconstructionhasnotbeen

PERPENDICULAR MOMENTUM TRANSFER
reported previously, presumablybecauseof the

Fig. 5. (10) rodscanfor a 350 A rotatedSi film on Si(111). A difficulty in distinguishingtheSi(100)-(2x 1) clean
four-circle diffractometerand CuKa radiation was usedfor surface from the (2 x 1) boron structure.In sharp
themeasurement.The diffraction profiles areindexedrelative contrastto the results on <111)-oriented siliconto a hexagonalunit cell appropriatefor the Si(111) surface

discussedabove, we find that this reconstruction
with in-plane lattice parametersa = b = 3.84 A and out-of-
plane latticeparameterc = 9.41 A. Thehexagonalindicesare can be preservedwithin high-quality, crystalline
derivedfromcubic indicesby [iO/]~,~,, ~[422]C0b+ -~1[111]CUb. silicon by low-temperatureepitaxialovergrowthat
Rotatedreflectionsare indexedby replacing I by —I. Struc- — 300°C. For boron coveragesat and below the
ture factors at —! were obtained by the symmetry relation
[10!] = [Oil]. Thedashedline is thecalculatedintensityfrom a completionof the(2 X 1) surfacephaseandsilicon
“bulk-like” structure,the full line is for a 350 A rotatedfilm overlayer growth temperaturesof 300°C and

atopa bulk crystal. above,100% of the boronis electrically active.
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Fig. 6 shows grazing incidenceX-ray diffrac- _____________ I

tion azimuthalscansthrough(~0)surfacereflec- 800 D 30
0C

tions for two orderedinterfaces.The opensquares
0

are for a 100 A cap grown at room temperature, 700 -

andthe filled circles are for a 100 A capgrown at Os ~I00110)
z

300°C. The boron coverageis 1/2 monolayerin 600 - • a L_.. I
[110) •‘

bothcases.Comparisonof the datademonstrates 0 °
S

that the reconstructioncappedat 30°Cgives a 500 -
S

factor of two smaller integratedintensity in the n S 5
0 • a • •diffraction signal than the reconstructioncapped 100 - • ° S • • S

at room temperature.Boron segregationstudies . ° ° °

I o 9 ~

usingAugerelectronspectroscopyfor films grown 89 90 91 92

at 300°Creveala broadeningof the ideal mono- ~(DEG)

layer distribution by 5 A. This is consistent Fig. 6. Comparison of grazing incidenceX-ray diffraction
with the observationthat 50% of the boron azimuthalscansthroughthe(~O)diffraction spotfor Si(100)-(2

x 1) boronburied structurescappedby growth at room tern-
remainsin the orderedlayer. perature, and at 300°C. The boron coveragewas i/2

Cross-sectionaltransmissionelectron micros- monolayerin both casesand the silicon growthratewas 0.1

copy andion channelingstudiesshow that the 100 A/s. Theinsetshowsaproposedmodelof the(2X 1)structure.

Table 1
4.2 K Hall effect resultsfor Si(111)/a-Siinterfacereconstructions

Reconstruction a-Si thickness l~,coj Boron coverage(i0’~cm2) Carrierdensity Mobility

Initial Final (A) (°C) SIMS NRA (1014cm2) (cm2V’ s1)

100 90 3.4 3.5 2.2 36.6
60 90 2.6 2.7 1.7 30.5

50 90 3.1 3.4 1.8 25.9

3D 100 700 3.4 3.5 3.2 47.9

Oxide 0 90 3.1 3.4 0 —

3D 60 500 2.6 2.7 2.4 3i.9
7x7 7x7 50 90 0.i — 0 —

Table2

Film T~Wth ~ Anneal Boron Carrier Mobility
thickness (°C) (°C) time coverage density (cm2 V’ s’)
(A) (mm) (ML) (ML)

100 300 90 20 0.44 0.45 21
100 30 90 20 0.50 0.24 1
100 30 90 20 0.50 0.18 3
100 30 90 ~ = 3000 0.47 0.12 19
100 30 400 1 0.11 0.07 i4
100 30 400 1 0.31 0.18 21
100 30 400 1 0.51 0.32 16
100 30 400 1 0.83 0.33 18
100 30 400 60 0.50 0.35 17

a) Boiled in distilled water.
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A thick films grown at 300°C are high quality the Si(111) and Si(100) surfaces. In the Si(100)
crystalline silicon indistinguishable from bulk caseepitaxial Si can be grown atop the ordered
silicon, while room temperaturegrowth resultsin structure.All systemsshow ahigh p-typeelectrical
an amorphouslayer. Channeling measurements activity, between50% and100% electricallyactive.
(in <100) normal incidenceand <111) off-normal
incidence)usingthe ~B(p, a)tBenuclearreaction
to detectboron,show a reducedyield comparedto References
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