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Doping by metal-mediated epitaxy: Growth of As delta-doped Si
through a Pb monolayer
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In molecular-beam epitaxy a monolayer of Pb on thd BI) surface induces single-crystal growth

at temperatures well below those required for similar growth on a bare surface. We demonstrate that
the suppression of dopant segregation at the lower temperatures attainable by Pb-mediated growth
allows the incorporation of As donors at concentrations reaching a few atomic percent. When Pb
and Si are deposited on an As-terminatedl 1) substrate at 350 °C, the Pb segregates to the
surface without doping the Si film while the As is buried within nanometers of the substrate—film
interface. The resulting concentration of electrically active Asx1L&*' cm 3, represents the
highest concentration of As donors achieved by any delta-doping or thin-film deposition method.
© 2001 American Institute of Physic§DOI: 10.1063/1.1352692

Enabling the deposition of materials a monolayer at acontrast to the complete segregation of As observed at tem-
time, molecular-beam epitax§MBE) is the natural choice peratures required for epitaxy without Pb.
for the growth of semiconductor thin films with delta- We have previously demonstrated that a Pb overlayer
function dopant profiles. However, surface segregation of demediates layer-by-layer @i11) homoepitaxy by a step-flow
posited atoms presents a significant challenge to the applic@owth mode-* High-quality films have been grown on the
tion of this process in a variety of materials systéifscor ~ As-free S{111) surface at temperatures as low as 310 °C.
many semiconductors the substrate temperature required fther impurities which have been shown to mediatd 5i)
suppress dopant segregation is too low for high-qualiyhomoepitaxial growth include elements from groups IIl and
epitaxy®”® In some cases, the temperature can be loweredf:"~ as well as Au(Ref. 13 and Sn* With the important
sufficiently without compromising film quality? At least for ~ €Xceptions of Sn and Pb, these impurities are known to be
Si(100 MBE, low-temperature epitaxy can proceed for aelectrlcally active in SI._ Moreover, Sb f':md Ga overlaygrs
limited thickness at which point cycling to high temperature2ve bgen shown to be incorporated in films as they mediate
is required before continuing growth. growth? In this study the doping and growth-mediating

Although surface segregation can result in broadeneﬁ)mperties of impurities are decoupled by using two species,

dopant distributions, a layer of segregating impurities Com_namely, As and Pb. .
' ' We usedn-type, S{111) wafers miscut 2.3*0.1° to-

monly called “surfactants,” can mediate epitaxial growth at 4s[ 112 istivity >10000) Each | q
temperatures well below those required for similar growth onVa! S[117] (resistivity cm). Each sample was de-

. o gassed at 500 °C, heated to 850 °C to remove the oxide, and
a bare surface. Impurity overlayers can promote epitaxia ) R X L
cooled at a maximum rate of 1 °C/s. Arsenic termination was

growth by changing the arrangement of substrate adatoms,

the mobility of deposited atoms, or the energetics of theaChleved by heating the sample to 800°C and then slowly

h PO q trat h cooling in the presence of arsenic vapor at a pressure of 1
ghrow proc;afs ' Zre;j V\Ile dempns r? es-a grow proceshsx 10°® Torr. The 1x1 low-energy electron diffraction
t at.ce.m achieve As-delta doping of St using a g.rowt (LEED) pattern andn situ Rutherford backscattering spec-
mediating Pb overlayer. Surface termination ofl%il) with

: > _ trometry (RBS), giving a coverage of 7:810' cm 2 As
As followed by Si deposition through 1 ML of Pb results in 510ms “are consistent with As on substitutional sites on the

high-quality crystalline films at 350 °C. While the Pb over- g, facel®

layer segregates to the surface during growth without doping  As in the case of Pb-mediated homoepitaxy on the As-
the film, the As atoms remain buried at the substrate—filffree  S{111) surface!! a Pb coverage of 1 ML
interface with high levels of substitutionality. This is in sharp (1 ML=7.83<10"* cm™2) must be maintained during
growth on As-terminated 8i11) in order to achieve high-
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150 substrate—film interface can be determined by the RBS mea-
: surements.

The apparent concentration of As atoms in the ion chan-
neling spectrum is the equivalent of X710 cm 2. The
ratio of the apparent concentration to the total concentration
from the random incidence spectrum defines the minimum
yield associated with the As atomgas. The fraction of
substitutional As atoms can be estimated frgm using the
expression (* xas/(1—xs).t’ The minimum yield associ-
ated with Si atomsysg;, is the ratio of the scattered yield
behind the Si surface peak for the incident beam in a chan-
neled direction to the yield for random incidence. For the

energy (MeV) grown sampleys; is 2.1%+0.3%, a value also obtained for
FIG. 1. RBS spectra in the energy range where ions scattered from As aton@e S{111) substrate, reflecting the high quality of the film.
in the film are detected. The increase in the scattered yield due to a chanderom Fig. 1 the corresponding value pf is equal to 17%,
o morstacs e e e st o3 o e CUND (hat 85% of h AS aloms are on substiutional
2i?els. The scattered yield from 1 ML of Pb at the surface prior It(()Jnt&;leaHICCﬁattlce S'_tes' This ?Stlm,ate r'epresents' a lower l_lmlt for the
treatment is indicated by the dashed line. The energies corresponding to iofibstitutional fraction since ion-beam-induced displacement
scattered from surface As and Pb are indicated. of As atoms during RBS measurements may result in a

higher minimum yieldy s .8

Therefore, prior to Si deposition, we evaporate 1 ML of Pb The spectra presented in Fig. 1 capture the remarkable

onto the As-terminated substrate at 240 °C, a substrate tergierence in the behavior between the As and Pb layers.
perature low enough to minimize Pb desorption. SiliconEaCh As atom of the As-terminated(811) surface is bound

deposition rates were varied between 10 and 30 A/mint® three Si atoms and must overcome an activation barrier of

Achieving a steady-state 1 ML coverage of Pb required a p§-0 €V to be removed from the S‘_”fajcgem the absence of
flux of 0.25 ML/min at 350 °C. Silicon films up to 1000 A in '€active surface species, these tightly bound As atoms are
thickness have been grown with no sign of decreasing quagSsentially immobile at the growth temperature of 350 °C.
ity with increasing thickness. Indeed, the deposition and complete desorption of monolayer

Samples were characterized after growthelysituRBS ~ quantities of Pb leave the As-terminated surface intact. Cal-
using 2 MeV#He" ions with the incident beam channeled culations by KaxiragRef. 20 support the experimental find-
along [111] or in a random incidence with respect to the ing that a monolayer of As on the($L1) surface is ineffec-
substrate. The random and channeled ion spectra for a fil§ive as a surfactaritWe find that Si films deposited without
grown with 1.0 ML Pb are displayed in Fig. 1. Hydrochloric Pb at 350 °C on As-terminated($11) are amorphous after
acid was used to remove the Pb layer from the surface. Th&e initial growth of a thin, highly defective layer. In con-
peak at 1.8 MeV arises from a small quantity of Pb (2.4trast, the activation energy for the desorption of a Pb atom on
X 10" cm™2) trapped at the substrate—film interface. Pbthe Si111) surface, whether As terminated or As free, is
trapped at the substrate—film interface was also observed Pnly 0.3 eV for a Pb coverage of 1 Mt.In addition, Pb
Pb-mediated homoepitaxial growth on As-free surfdées. diffusion on the Si111) 7X7 surface has been observed at
900-A-thick film grown under As-free conditions was found temperatures as low as 25 *€These observations, in con-
to have a room-temperature electron sheet concentration jHnction with the negligible solubility of Pb in Si, are strong
the range of 188 cm™2, approximately two orders of mag- evidence that the growth conditions favor the surface segre-
nitude lower than the concentration of trapped'®b. gation of Pb and not As.

The As concentration in the film can be determined from  The high density of As in the delta-doped region enables
the random incidence spectrum in Fig. 1. The equivalent othe detection of As atoms in the Si lattice using a scanning
1.04x 1015 cm2 As atoms is trapped in the film. This value transmission electron microscope in tAecontrast modé®
is higher than would be expected from the incorporation ofimage contrast arises from electrons that are scattered to high
only the As monolayer on the initial substrate surface. Theangles, where the differential scattering cross section ap-
additional As content, 3210 cm 2 distributed through- proaches the square of the atomic numBerFigure 2 is a
out the film, is due to a background flux from As- Z-contrast image in 110 projection. The rows of spots
contaminated elements inside the growth chamb&he As  perpendicular to th¢111] growth direction arise from the
background in the film is strictly an experimental limitation diamond-structure double layers. The spacing of these
which can be addressed through practical measures in charflouble layers in Si is 3.13 A. The bright band of several
ber design and process optimization. The most prominerdouble layers corresponds to a region in which the As con-
feature of the As distribution is a peak at 1.65 MeV. Thecentration is greater than the minimum detectable concentra-
peak position is shifted from the energy of ions scattered byion of about 2< 10?° c¢m™3.24
surface As atoms, 1.76 MeV, by an amount corresponding to  Figure 3 presents a line profile across the substrate—film
the energy loss through the 650-A-thick Si film. This dem-interface of simultaneously recorded-contrast and As
onstrates that the As layer remains buried at the substratei-edge x-ray fluorescence signals. Both measurements yield
film interface. Detector resolution and energy straggle limita full width at half maximun{FWHM) less than 30 A for the
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the sumng, + Ngere. Hall-effect measurements of films not
containing the delta-doped region exhibit an As electrical
activity of 85%%° With the assumptions that all background
As atoms are electrically actige., ng,=3.1X10* cm™?)
and that the width of the heavily doped interface is 30 A, the
three-dimensional concentration of electrically active As at
the interface region is in excess of X80 cm 3, the
highest achieved in a delta-doped layer to date.
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