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Low-temperature homoepitaxial growth on Si  (111) through a Pb monolayer

P. G. Evans, O. D. Dubon, J. F. Chervinsky, F. Spaepen,® and J. A. Golovchenko
Division of Engineering and Applied Sciences, Harvard University, Cambridge, Massachusetts 02138

(Received 29 July 1998; accepted for publication 25 September) 1998

A monolayer of Pb mediates high-quality homoepitaxial growth ofi $1) surfaces at temperatures
where growth with other overlayer elements or on bare surfaces leads to amorphous or highly
defective crystalline films. Nearly defect-free epitaxy proceeds for film thicknesses up to 1000 A
with no sign that this is an upper limit. The minimum temperature for high-quality epitaxy depends
on the substrate miscut. For a 0.2° miscut, the minimum temperature is 340 °C. Films grown on
substrates miscut 2.3° toward$12] show good crystalline quality down to 310°C. €998
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Since the discovery that thin metal overlayers on Si surbelow 300 °C° The change in reconstruction indicates that
faces can change the growth mode of deposited semicondutiie Pb enables the removal of the stacking fault present in
tor films! much work has been devoted to describing anchalf of the 77 unit cell. In addition, atomic scale Pb diffu-
exploiting the processes by which growth occtif€Charac-  sion on the S(111) 7x7 surface has been observed at tem-
teristic features of the growth of semiconductor films peratures as low as 25 %€ As in the case of Sn, there are no
through metal layers include the promotion of epitaxialknown electronic deep levels associated with Pb impurities
growth at low temperatures and the segregation of the oveiin Sil! Recent work using Pb layers to promote the growth
layer impurity to the surface of the growing film. Elements of Si*? and Gé2 films has been limited to films a few atomic
from groups Ill and V4 as well as A@® and S’ have been layers thick, deposited at or near room temperature.
shown to promote Si{111) homoepitaxy at temperatures The 500um-thick Si (111) wafers used in this study
lower than those necessary on bare surfaces. Reducing thre cleaved into 1 cx2 cm samples, chemically oxidized
growth temperature mitigates the effects of dopant diffusionby the Shiraki proces¥ and loaded into an ultrahigh
reaction and evaporation of surface metallizations, and thefzacuum growth chamber with a base pressure xfl0~°
mal stress. With the exception of Au, overlayer elementsTorr. To investigate the effect of miscut on growth quality,
have been used to produce only limited film thicknesseswe used two types of wafers, one miscut6®1° (0.1-0.4
between 10 and 200 A. All of the previously studied ele-() cm, P dopepiand the other miscut 2:30.1° towardg112]
ments except Sn are electrically active impurities in Si and>1000€ cm, P dopell Using direct current resistive heat-
Ge, further limiting their practical use. The promising resultsing, each sample was degassed at 500°C for one hour,
using Sn have not been followed up with a study of thickerheated to 850 °C to remove the oxide, cooled at a maximum
films and were achieved only when the Sn overlayers wereate of 1 °C/s to 500 °C and then slowly cooled to the growth
deposited or annealed with the substrate at 500 °C. temperature. Because the thermal time constants of the

In this letter we report homoepitaxial growth on($L1)  sample holder system were long, we left each sample at the
at temperatures of 340°C on low-miscut substrates angrowth temperature for up to 24 h prior to Pb and Si depo-
310°C on vicinal substrates ugira 1 ML (1 ML=7.83  sitions to achieve steady-state heat flow conditions. Sample
X 10" atoms/crf) Pb overlayer. We have grown films up to temperatures were measured with an optical pyrometer, cali-
1000 A thick with no sign of decreasing quality with increas- prated to the resistance of a sample that displayed intrinsic
ing thickness. As with other overlayer elements, the Pb layeyariation of the carrier concentration with temperature above
segregates from the growing crystal to stay at the surface50 °C. The resistance of the intrinsic sample was a sensitive
The 310°C growth temperature represents an improvemefinction of temperature in the range of interest. All tempera-
of 150°C in the temperature at which thick, high-quality t,res are accurate to withiri10 °C.
homoepitaxial S(111) films may be grown using Au over- Depositions of Pb and Si were done using an effusion
layers and an improvement of approximately 350 °C com<egl| and an electron beam heated rod, respectively. Lead cov-
pared to growth on bare surfacesVithout Pb, epitaxial erages were determined situ to within 5% using Ruther-
growth at these temperatures breaks down within a few ey packscattering spectrometRBS). The Si deposition
nometers of the substrate—film interface, resulting in anates were 0.120.02 A/s at a system pressure of approxi-
amorphous film. _ mately 2< 10~ ° Torr. The evaporation sources were masked

Previous studies of the behavior of Pb on(8LY) sur- {4 produce partially overlapping regions in which Pb and Si
faces have shown that Pb allows near-surface Si atoms {gere deposited, allowing simultaneous growth of films with

move at low temperatures. For example, with 1 ML Pb the;ng without 1 ML Pb. Imperfections in the masking process
7X7 reconstruction of the clean surface is changed to aBielded a low Pb flux, below 1% of that in the direct Pb

incommensurate arrangement after annealing to temperaturg@am, to the area where nominally only Si was to be depos-

ited. At all growth temperatures studied, 295—-340 °C, with 1
3Electronic mail: spaepen@deas.harvard.edu ML Pb coverage the sample displayed &1l low energy
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scattered ion energy (MeV) FIG. 2. Transmission electron micrographs with the incident beam along a

(110 direction from Si films grown at 340 °C on $111) without Pb(top)
FIG. 1. lon channeling spectra for 1000 A Si films grown on(BL1) at and with codeposition to achieva 1 ML Pboverlayer(bottom). Electron
340 °C with(solid line) and without(dashed lingcodeposition to achieve 1  diffraction patternginsed reveal that the film grown without Pb is amor-
ML steady-state Pb coverage. The improvement in crystal quality with 1phous and that the film with Pb is an epitaxial extension of the crystal. The
ML Pb present during growth dramatically reduces the scattering yield fromcrystalline reflections in the top diffraction pattern are from the substrate.
the film. Inset are enlargements of the vicinities(af the Si surface peak,
and (b) the Pb peak at 1.8 MeV due to 0.01 ML Pb at the substrate—film

interface. channeled direction to the yield for random incidence, is 2.4
+0.3% for the grown sample, identical within measurement

electron diffraction(LEED) pattern, which is consistent with ©0r t0 Xmin measured for_a clean §111) sample on which
previous observation€. Upon cooling the samples to room 1 ML Pb had been deposited, 2.0.3%. The area under the
temperature after growth, we observed the high-coverage rdreak at 1.9 MeV due to scattering from Pb corresponds to a
tated incommensura@C) LEED pattern in the areas of the Pb coverage of 1.070.05 ML. Small islands of Pb on the
sample where 1 ML Pb was presérRegions on which nei- surface are responsible for the slight elongation of the Pb
ther Si nor Pb was deposited displayed bright, shaqy 7 peak towards low energy. A lesser peak at 1.8 MeV corre-
LEED patterns. sponds to 0.01 ML Pb at the substrate—film interface. The
We have found that significant desorption of Pb occursSilicon surface peak at 1.4 MeV is indistinguishable from
at temperatures above 280 °C. In order to keep the Pb coybat of Si(111) with 1 ML Pb on which no homoepitaxial
erage constant during growth of the Si film, Si and Pb werdilm has been grown, indicating no detectable increase in
codeposited. Achieving a steady-state 1 ML coverage of pgisorder at the surface. The subsurface scattering peak at 1.3
required a Pb flux that ranged from 0.12 ML/min at 295 °CMeV, a “close encounter*’ between channeled ions and Si
to 0.18 ML/min at 340 °C. These fluxes correspond to de-atoms at lattice sites, also appears in spectra taken on bare
sorption rates that are several times higher than one wouldurfaces. That the surfaces remain highly ordered after
expect due to evaporation from bulk Pb, according to vapogrowth is confirmed by the observation of the IC LEED pat-
pressure measuremenfs.Similarly enhanced desorption tern.
rates have been observed at higher temperafuFes. rapid Images and diffraction patterns obtained by cross-
increase in desorption rate at coverages just higher than gectional transmission electron microsco@EM) with the
ML, as observed in that study, simplifies the task of achievincident beam along €10 direction are shown in Fig. 2 for
ing 1 ML Pb through codeposition. the films for which ion channeling spectra appear in Fig. 1.
The samples were characterized after growtlebwitu2 ~ The film grown without Pb codeposited exhibits a diffraction
MeV “He* ion channeling measurements with the incidentpattern consisting of rings superimposed on the sharp spots
beam alond111] and the detector aligned in a glancing exit due to diffraction from the substrate. The ring spacing indi-
geometry. Figure 1 shows two spectra from a film deposite¢ates that the film is amorphous *8iThe amorphous film
at 340°C on a low-miscut sample. The film grown on ahas a rough interface with the substrate indicating initial
region of the sample with only incidental Pb coverdggp-  polycrystalline growth. In comparison, the film grown with 1
proximately 0.2 ML Pb distributed throughout the flm ML Pb shows high-quality epitaxy. We associate the line
shows scattering consistent with growth of a 1000 A amor~visible at the substrate—film interface with the 0.01 ML of
phous layer. We observe no change in the growth of thdrapped Pb. The film produces a sharp bright diffraction pat-
amorphous film due to the small amount of Pb present; filmgern identical to that of the substrate.
with no Pb contamination are identical. In comparison, the  Films grown with codeposition rates giving Pb cover-
film grown with codeposition to maintain 1 ML Pb during ages less than 1 ML are defective. Examination of these
growth shows a dramatic reduction in scattering yield. Theilms by TEM shows the defects to be stacking faults that
minimum yield, xmin, Which is the ratio of the ion-scattering nucleate at the substrate—film interface. At 340 °C, growth

yield behind the Si surface peak for the incident beam in avith 0.90=0.05 ML Pb consistently yields films witlymin
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3122 Appl. Phys. Lett., Vol. 73, No. 21, 23 November 1998 Evans et al.

10 be grown on the 2.3° miscut samples for substrate tempera-
tures as low as 310 °C. The lowering of the minimum tem-
perature at which high-quality growth is observed from
340 °C for low-miscut substrates to 310 °C for stepped sub-
strates is a clear indication that the step edges have a kinetic
role in the film growth. Reflection electron microscopy ex-
periments on Sn-mediated $111) homoepitaxy and ion
channeling experiments with Au overlay®reached similar
conclusions. We continue to investigate the mechanism re-
sponsible for the high-quality growth in the Pb-mediated
case.

X min (%)
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FIG. 3. The minimum yieldy, measured for 500-1200 A films grown on : :
0.2° (circles and 2.3°(triangles miscut Si(111) substrates. Growth of ence and Engineering at M'I'TNSF DMR 9400334

high-quality films is possible at lower temperatures on the 2.3° miscut sub-
strates. The dashed line indicajgs,, measured for a wafer on which 1 ML
Pb had been deposited.
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