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Ultrathin, coherently strained Sn/Si and ,Sh_,/Si alloy quantum well structures with
substitutional Sn incorporation far in excess of the equilibrium solubility limit have been fabricated
via substrate temperature and growth flux modulations in molecular beam epitaxy. Sn/Si single and
multiple quantum wells with Sn coverage up to 1.3 MLy &%, o Si multiple quantum wells of up

to 2.0 nm, and SyeSipe/Si multiple quantum wells of up to 1.1 nm are determined to be
pseudomorphic, and coverage-dependent Sn segregation dynamics are observég98 ©
American Institute of Physic§S0003-695(98)03315-4

One approach for realization of a direct energy-gapvacuum, the substrates were balkeditu at 200 °C for 2 h
group IV alloy system involves alloying Sn with Si or Ge to to desorb hydrocarbon contaminants. Just prior to growth of
form epitaxially stabilized diamond cubic 3be,_,/Ge and the Si buffer layer, the substrates were heated to 550 °C to
SnSi; _,/Si heterostructures. Diamond culiieSn is a zero-  desorb hydrogen and obtain(2X1) surface reconstruction.
band-gap semiconductor with degenerate conduction and v&i and Sn were deposited by electron-beam evaporation and
lence bands at thE point! and band-structure calculations thermal effusion, respectively. The Si deposition rate was
have suggested that when Si or Ge is alloyed with Sn, theontrolled using a quartz-crystal monitor and the Sn deposi-
resulting alloy systems $8i; _, and SpRGe, _, are predicted tion rate was controlled via effusion cell temperature. The Sn
to have direct and tunable energy gaps for Sn compositionsffusion cell temperature was varied between 675—755 °C to
exceeding some critical concentratioh. Recently, the vyield deposition rates between 0.003 and 0.02 monolayers
indirect-to-direct band-gap transition was observed in(ML)/s (1 ML=6.79x 10'* cm ). For all samples, the Si
SnGe, _, alloys* While growth of dilute §<0.06 pseudo- buffer layers were grown at 550 °C at 0.05 nm/s to obtain a
morphic SpSi;_, alloy films has been previously smooth Si surface, as judged by reflection high-energy elec-
demonstrated® we report in this letter the growth of coher- tron diffraction (RHEED) prior to deposition of the Sn or
ently strained, epitaxially stabilized thin quantum well het-SnSi; , layers. For Sn/Si growth, Sn deposition at 0.02
erostructures based on Sn/Si andSn ,/Si with high x ML/s immediately followed Si buffer layer growth at
via temperature and growth rate modulations in moleculab50 °C. The Sn-induced reconstructions observed by
beam epitaxy. Growth of such heterostructures is motivate®HEED were in agreement with previous observatibn@
by the intuition that a Si8i;_, alloy has to be high in Sn  Xx2) for 0.375-0.5 ML,c(4x8) for 0.5-1.0 ML, (5x1) for
concentration for realization of tunable direct band-gapl.0—1.5 ML, and5X1) plus streaks for coverages exceeding
material?>2 one might also potentially take advantage of thel.5 ML. After Sn deposition, the growth was interrupted to
guantum carrier confinement to further tune the energy gapool the substrate to 130-170 °C, which took 15-30 min. To
in a-Sn/Si and high Sn concentration,Siy _,/Si quantum  cap the Sn layer with minimal Sn segregation to the surface,
well heterostructurésover a wide range in the infrared fre- Si overlayer growth at 130—170 °C was performed initially
guency range. at 0.01-0.03 nm/s. The low initial growth rate is required to

Growth of such heterostructures is challenged by themaximize the Si overlayer thickness prior to defect forma-
large lattice mismatch betweemSn and Si(19.5%, very  tion or a crystal-to-amorphous transition. The critical thick-
low solid solubility of Sn in crystalline Si~5x10'° cm3) 2 nesshe, at which epitaxial Si films undergo a crystal-to-
and pronounced Sn segregation to the surface during growtimorphous transition is reportedly governed by an Arrhenius
at ordinary Si epitaxy temperatureg$~400 °Q. To incor-  temperature dependence, and a growth rate dependent acti-
porate Sn at high fractions while maintaining a high epitaxialvation energy that yields largér,, for lower growth rated?
quality, we employ temperature and growth rate modulation#\nother constraint on the Si overlayer grown at low tem-
in molecular beam epitaxy, as previously used for growingperatures is that it be thick enough to incorporate the depos-
Sb delta-doped layers in 8Ref. 9 and Ge&-Sn heterostruc- ited Sn. After 4-6 nm of Si overlayer deposition, the sub-
tures on Gé° strate temperature is increased so as to return the substrate

All samples were grown in a custom-built molecular temperature to 550 °C at an overlayer thickness of about 15
beam epitaxy system with a base pressurex1@ ° Torr.  nm. At this point, the growth rate is also increased back to
The (100 Si substrates were prepared by first cleaning a 10@.05 nm/s. After further growth of the Si overlayer to a de-
nm thermal oxide-coated wafer in 5:1:L,®GtH,0,:NH,OH  sired thickness, the process is repeated for multilayer
solution followed by subsequent complete removal of thesamples. The growth procedure for,Si _,/Si was similar
oxide in a 10% HF-KO solution to obtain a hydrogen- except that the growth was interrupted after deposition of the
terminated Si(100 surface. After transfer to ultrahigh Si buffer layer to cool the substrate to 140—-170 °C prior to
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TABLE I. Summary of incorporated Sn vs Sn segregated to the surface per buried layer.

Initial Sn coverage Fraction
Sample Temp(°C) per layer(ML) segregated
(i) Single Sn/Si 170 °C 0.521.0¢ <0.05
1.4 0.09
1.7 0.23
2.2 0.52
(i) Multiple Sn/Si 130 °C 13 <0.02
120°C 2.p 0.32
(iii ) Multiple 2.0 nm 140 °C 0.36,0.762 1.5 <0.02
Si;_,Sn/Si (x=0.022 0.052 0.10)
(iv) Multiple 1.1 nm . 0.742 152 1.9
Si, ,SnSi 110°C (x=0.102 0.16% 0.25) <0.02

@Determined to be pseudomorphic by cross-sectional TEM.
bDetermined to be at least partially relaxed by cross-sectional TEM.

deposition of the SyBi,_, layers. Si overlayer growth fol- Sn segregated to the surface per buried layer, as determined
lowed SpSi;_, layer growth without growth interruption. from Rutherford backscattering spectrometry. For Sn/Si
Due to low growth temperature, only diffu§2x1) Sirecon-  structures, the temperature indicated is the temperature at
struction lines were visible during the deposition of alloy Which the initial Si overlayer was deposited after the Sn
layers. layer was deposited. For &8, _,/Si structures, the indicated

Samples were analyzed by cross-sectional transmissidgmperature is the temperature at which the alloy layer and a
electron microscopyTEM), Rutherford backscattering spec- subsequent thin Si overlayer was deposited. For all
trometry (RBS), and high-resolution x-ray rocking curve SnSi;_,/Si multiple well structures, the fraction of Sn seg-
analysis. Four types of sample configurations were investiregated to the surface was Iqw2%). For Sn/Si structures,
gated:(i) single 0.49—-1.4 ML Sn layers sandwiched betweerthe segregated fraction increases sharply above a critical ini-
Si, with 140-170 nm Si cap layefsingle Sn/Si quantum tial coverage of about 1.4 ML. It is noteworthy that this
well structure§ (i) multiple 1.3 ML Sn layers sandwiched coverage coincides with the predicted thickness for comple-
between Si, with 115 nm Si spacer and cap layemsltiple  tion of the (5X1) surface reconstruction phase by Baski
Sn/Si quantum well structurggiii ) multiple 2 nm SgSi; _,
(x=0.02, 0.05, and 0.)0ayers sandwiched between Si with
80 nm Si spacer and cap laydmultiple SpSi; _,/Si quan-
tum well structures and (iv) multiple 1.1 nm SpSi;_
(x=0.10, 0.16, and 0.28ayers sandwiched between Si with
80 nm Si spacer and cap laydmultiple SiSi; _,/Si quan-
tum well structures

The four types of structures analyzed are summarized in
Table I. The superscripts indicate whether the samples have
been determined to be pseudomorptdisliocation density
<1x10° cm~?) within the analyzed electron-transparent area 150m Si
by cross-sectional transmission electron microscopy analy-
sis. Table | also gives a summary of incorporated Sn versus
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FIG. 2. Cross-sectional transmission electron micrographs of sample in Fig.
FIG. 1. Rutherford backscattering spectrum of a multiple Sn/Si quantuni. (a) Bright-field image taken undé#00) two-beam excitation showing the
well structure with four periods of 1.3 ML Sn layers sandwiched betweenfirst three Sn layergb) High-resolution image in thEL10] projection of one

115 nm Si spacer layers. of the Sn layers.
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10°F T . - asymmetrigq422) reflections, respectively. The dotted curves
[ (a) i Buffer/ Substrate represent experimental data for the film with a single layer of
o 10" f —Calculation 0.9 ML 2n1 0.93+0.09 ML Sn capped with 162 nm of Si, as determined
= o Experiment t62nmsi  * . . . .
5, y w by RBS. The solid curves represent dynamical simulations
?, 10°F Sl ctka £ for a model film with 0.15 nm Sn capped with 163 nm Si.
T 10°k ;% ] The simulations were performed under the assumption of a
o _ tetragonally distorted-Sn unit cell with the bulk lattice con-
107 bt ¥ 7, U stant of 0.64890 nniin-plane lattice constant of 0.54310 nm
-0.2 -0.1 0.0 01 02 and perpendicular lattice constant of 0.73875) mnd bulk
Angle (Degrees) ) .
0 elastic constants. Several features about the interference
10 (b) ' P— fringes are noteworthy. The angular distance between Pen-
107 . _ 093 ML 50l dellosung fringes is independent of the physical properties of
> alculation —F h dwiched | h | L. d th
2 o Experiment 162 nm i the sandwiched layer. However, the angular position and the
% 107 Plo Cuket ! intensity of the interference fringes near @0 Si reflec-
2 > tion depend strongly on the factors that cause dephasing of x
& 10°F 3 rays scattered from the Si cap layer and the Si substrate.
N : | P g Because of the large atomic size difference between Sn and
10-0.2 -0.1 0.0 0.1 02 Si, analysis of the angular position and the intensity of the

Angle (Degrees) interference fringes offer a very sensitive technique for quan-
titatively characterizing low-coverage Sn incorporation, en-
FIG. 3. (a) Symmetric(400) reflection andb) asymmetric(422) reflection bli {1 K |g . ithi gf . " P |
x-ray rocking curves of a single Sn/Si quantum well structure with 0.93 m abling thic neSS_ reS_O ution within a ra_Ctlon ora mor!o ayer.
Sn sandwiched between Si with 162 nm Si cap layer, as determined bAS can be seen in Figs(8 and 3b), the interference fringes
Rutherford backscattering spectrometry. The dotted curves represent the egf the simulation curves match that of the experimental
perimental data and the solid curves represent dynamical simulations f%urves very well. The best values of Sn thickness determined
0.15 nm Sn capped with 163 nm. . . . .
from the dynamical x-ray simulation fo400 symmetric
_ reflections of films with Sn coverages of 040.09, 0.93
et al™“who viewed the5x 1) phase as a half-complete layer +0,09, and 1.20.1 ML, as determined by Rutherford back-
of Sn dimers over a complet#4x8) phase of a monolayer scattering spectrometry, were 0.07, 0.15, and 0.17 nm, re-

of symmetrically dimerized Sn. The fact that islanding fol- spectively. The values are somewhat lower than the expected

lows the (5x1) phase suggests that it may become moresy thickness values of tetragonally distortedn films on

energetically favorable to relieve the surface strain by meangj For sn coverages of 0.49.09, 0.93-0.09, and 1.30.1

of segregating Sn in excess of a compléte 1) phase(~1.4 L the expected values of the thickness for pseudomorphic

ML) to the surface even at such low temperatures. and tetragonally distorted-Sn on(100) Si are 0.096-0.009,
Figure 1 shows the Rutherford backscattering spectrung 17+0.02, and 0.240.02 nm, respectively. This discrep-

of a multiple Sn/Si quantum well structure with four periods ancy may be due to deviation of the Sn profile from a delta

of 1.3 ML Sn layers sandwiched between 115 nm Si spacefynction profile, some nonsubstitutional Sn atom fraction, or
layers. The large scattering cross section of Sn and the larggca) strain relaxation in the Si—Sn bond length.

relative mass ratio between Sn and Si enable very accurate
measurements of the absolute Sn coverage. The increased This work was supported by the National Science Foun-
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due to HE ™ ion energy straggling. Within the resolution of thors also acknowledge expert technical assistance from M.
RBS, no significant interdiffusion was observed, despite anEasterbrook and C. Gardland, and C. Ahn, J. Christopherson,
neals at temperatures far exceeding the melting temperatuesnd R. Ragan for helpful discussions.
of Sn.
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