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Metastable Ge12yCy alloys were grown by molecular beam epitaxy as homogeneous solid solutions
having a diamond lattice structure. The substrates were~100! oriented Si wafers and the growth
temperature was 600 °C. We report on measurements of the composition, structure, lattice constant,
and optical absorption of the alloy layers. In thick relaxed layers, C atomic fractions up to 0.03 were
obtained with a corresponding band gap of 0.875 eV. These alloys offer new opportunities for
fundamental studies, and for the development of silicon-based heterostructure devices. ©1995
American Institute of Physics.
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In the past few years, alloys of group IV elements i
cluding C, Si, Ge and Sn have been actively investigated
use in heterojunction devices compatible with Si circ
technology.1 These studies have been complicated by
limited solubility of C in these alloys.2–6 In thermodynamic
equilibrium, the solid solubility of C in Ge, for example, ha
been estimated to be near 108 cm23.7 As a result, attempts to
synthesize bulk homogeneous solutions of Ge and C by h
temperature intermixing have been unsuccessful.8 On the
other hand,metastableGe12yCy alloys have been prepare
by molecular beam epitaxy~MBE! under non–equilibrium
conditions at relatively low growth temperatures with signi
cant C fractions ofy'0.01.9–11 Si12xCx alloys with C frac-
tions as high asx'0.2 have been prepared by MBE,2 and
cubic Si12x2yGexCy alloys with y<0.1 have been prepare
by chemical vapor deposition.12 We report here on the
growth and properties of crystalline Ge12yCy alloys which
are a new material for fundamental studies and the deve
ment of variable band gap semiconductor devices.

The Ge12yCy alloys were grown by MBE in an EPI 620
system having six effusion cell ports and a substrate in
duction chamber.11 After bake-out, the base pressure of th
growth chamber was less than 5310211 Torr. During growth
a liquid He-cooled cryopump was used and the cham
pressure was typically 531029 Torr. A mixture of ethylene
glycol and water at a temperature of 15 °C was continuou
circulated in the growth chamber cryopanels to avoid th
mal cycling which could loosen flakes of dust from the re
dues of previous growths and thus contaminate growing l
ers.

The Ge molecular beam was produced by therm
evaporation from a solid source of zone–refined polycrys
line Ge in a pyrolytic boron nitride crucible. To minimiz
contamination of the source by B from the crucible, the c
temperature was kept below 1380 °C. At a cell temperat
of 1350 °C, the Ge growth rate was 0.07mm/h.
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The C beam was produced by sublimation from a pyr
lytic graphite filament which was resistively heated by dire
current. The C filament temperature was calculated from
dissipated power and the Stefan-Boltzmann Law (P5sT4)
for blackbody radiation using a value ofs55.67310212

W cm22 K24.13 For our serpentine-shaped filament having
resistance of 0.2V and carrying a current of 38 A, this analy
sis resulted in a temperature of 2030 °C and a measured
fective C growth rate of 0.01mm/h.

Substrates were~100! oriented, 75 mm diameter Si wa-
fers prepared by degreasing, etching in a solution
H2O:H2O2:HCl ~5:3:3!, and dipping in HF:H2O ~1:10! to ter-
minate the surface with H.14 Alloys were grown at a sub-
strate temperature of 600 °C. To enhance the miscibility of
which is related to the strain–induced changes in fr
energy,5 we decided to grow the alloys on a thin buffer laye
of pure Ge to reduce the layer strain compared to growi
the Ge-rich alloys directly onto the Si substrate. During th
first 5 min of growth, only the Ge cell was opened producin
a Ge buffer layer 6 nm thick. We realized that growing pu
Ge on Si produces islands15 which could affect the overlayer
properties, but this is true for any film grown on a supportin
substrate. Our goal for the GeC system was to measure b
thick film values for the lattice parameters and the optic
absorption. As a result, we did not attempt to minimize th
dislocation density of the Ge buffer layer. Because of
technological importance and convenience, we used a~100!
Si wafer substrate rather than a Ge wafer. Reflection h
energy electron diffraction~RHEED! patterns indicated is-
lands during the Ge buffer growth, followed by flat singl
crystal layers during GeC growth. The surface morpholog
of the as–grown GeC alloys appeared specular. Layer thi
ness was measured by optical interference at an edge s
Transmission electron microscopy~TEM! showed that dislo-
cations accommodated the lattice mismatch with the su
strate and that the thick alloy layers were strain–free. T
presence of the Ge buffer layer was accounted for in
measurements of GeC alloy layer properties.
1865(13)/1865/3/$6.00 © 1995 American Institute of Physics
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The compositions were measured by several techniq
including Auger electron spectroscopy~AES!, He1 Ruther-
ford backscattering spectrometry~RBS!, x-ray photoelectron
spectroscopy~XPS!, and by estimation from the measure
optical band gap using a linear dependence on composit
Measurements made by the different techniques agreed
within experimental error, and the atomic fractions report
in Table I are averages of the measured values. Figur
shows a RBS spectrum of backscattered yield versus ene
channel number measured using 2 MeV He1 ions. The RBS
compositions were determined from the integrated pe
heights.16Analysis of signals from the Auger KLL fine struc-
ture for C at 260 eV indicated that the C formed diamond
type tetrahedralsp3 bonds with neighboring atoms rathe
than graphiticsp2 bonds.17

The alloy structure was measured by x-ray diffractio
~XRD! at room temperature using a Philips verticalu–2u
diffractometer and Cu Ka radiation. X-ray line positions
were determined by fitting the measured diffraction peaks
a Pearson VII function18 for the Cu Ka1 /Cu Ka2 doublet,
and applying corrections obtained from the observed~004!
Si substrate reflection~including the effects of radial dis-
placement caused by the film thickness!.19

Scans over a wide range of diffraction angles show
only ~004! and~002! reflections from the alloy and~004! and
~002! reflections from the substrate and indicated that t

TABLE I. Properties of Ge12yCy alloy samples including composition mea
sured by AES, RBS and XPS, lattice constanta measured by XRD, band
gapEg measured by FTIR, layer thicknesst measured by optical interfer-
ence, and theoretical C fractionsytheopredicted from the optically measured
band gaps assuming a linear interpolation of the three conduction b
minima versus composition.

Sample Composition
a

~nm!
Eg

~eV!
t

~mm!
ytheo
~eV!

SGC-30 Ge0.99C0.01 0.56544 0.732 0.582 0.008
SGC-31 Ge0.98C0.02 0.56539 0.782 0.139 0.014
SGC-32 Ge0.97C0.03 0.56525 0.875 0.136 0.025

FIG. 1. RBS spectrum of backscattered yield versus energy channel num
for alloy SGC-31 on a Si substrate. Peak between channel numbers 70
800 is from Ge in the alloy layer. Broad step below channel 500 is from t
Si substrate. The C in the alloy layer appears as a low intensity peak on
Si substrate step. The integrated yields versus energy gives the compos
1866 Appl. Phys. Lett., Vol. 67, No. 13, 25 September 1995
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alloy layers have a diamond structure strongly oriented to th
~100! substrate. Figure 2 shows the diffracted x-ray intensity
versus scattering angle~2Q! for a GeC alloy layer. Applying
Bragg’s Law to the~004! reflection peak near 2Q566.1° and
to the~002! reflection near 31.7°, yielded the lattice constan
given in Table I. The area of the~002! diffraction peak is
1.6% of that of the~004! peak, and its presence implied that
both the Ge and the C are substitutional on the same di
mond lattice because this reflection is forbidden by the struc
ture factor in a diamond structure crystal with only a single
type of atom. In addition, the angular position of this~002!
reflection corresponds to the lattice constant of the GeC a
loy. The lower intensity forbidden~002! reflection near 33°
was caused by the substitutional boron impurity in the dope
Si substrate. No other peaks were observed which might in
dicate misoriented polycrystalline grains, compound precipi
tation, or oxides.

The optical absorption at photon energies near the ban
gap was measured at room temperature by Fourier transfor
infrared spectroscopy~FTIR! in the transmission mode. Fig-
ure 3 shows the optical absorption coefficienta versus pho-
ton energy for three alloy samples compared with crystallin
Ge. Interference effects made it difficult to observe change
in the slope ofa at low values so we estimated the band gap
Eg as the energy at whicha530 cm21, which was the lowest
value that we could measure with confidence, and provided
comparison between samples. The band gaps given in Tab
I exceed that of Ge and increase with the C fraction, and th
was attributed to the alloying effect of C with Ge. The large
values ofEg of the alloys compared to Ge implied that the
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FIG. 2. X-ray diffraction intensity counts versus diffraction angle for sample
SGC-30 on~100! Si substrate. The peak near 2u566.1° was a~004! reflec-
tion of the CuKa doublet indicating a lattice constant of 0.56544 nm. The
~002! alloy peak near 31.7° was allowed by the structure factor only for an
alloy and implied that the Ge atoms and the C atoms occupied the sam
diamond lattice. The lower intensity peak near 33° was a~002! reflection
from the substitutional boron dopant in the substrate.
Kolodzey et al.

AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/aplo/aplcr.jsp



-
e
p

,

J.

.

thick layers have relaxed because strainreduces Eg .
6,20

The optically measured band gaps Eg in Table I were
used to calculate theoretical values for the C fractions
assuming a linear interpolation of theG ~@000#!, L ~@111#!
andX ~@100#! conduction band energy minima versus com
position, using known values for Si, Ge, and C as the e
points. This interpolation predicted that the GeC alloys h
anL minimum for the band gaps measured here, and yield
the theoretical C fractionsytheo in Table I which agree well
with the measured compositions. This result implied a line
dependence of the Ge12yCy band gap versus composition fo
small C fractions, but care must be taken for extrapolatio
to larger C fractions because departures from linearity ha
been observed in Si12xCx alloys,

21 and it is well known that
the band gap of cubic 3C–SiC~Eg52.2 eV! is smaller than
the value~Eg53.28 eV! predicted by a linear average be
tween diamond and Si.

The alloy lattice constants in Table I are slightly smalle
than for pure Ge. It is not yet clear why these values were
as small as might be expected by Vegard’s Law of the line
dependence of lattice constant on composition. We specu
that there was significant local strain near the C atoms as
been reported,10 or perhaps the perpendicular lattice plan
spacing has not completely relaxed due to residual tetrago
distortion in the alloys layers. This latter explanation, how

FIG. 3. Measured values of optical absorption coefficienta versus photon
energy hn for samples SGC-30~Ge0.99C0.01!, SGC-31 ~Ge0.98C0.02!, and
SGC-32~Ge0.97C0.03! compared with that of a Ge wafer. The addition of C
shifted the absorption edge to higher energies implying alloying with the G
Appl. Phys. Lett., Vol. 67, No. 13, 25 September 1995

Downloaded¬24¬Oct¬2001¬to¬128.4.132.42.¬Redistribution¬subject¬to¬
by

-
nd
ad
ed

ar
r
ns
ve

-

r
not
ar
late
has
e
nal
-

ever, is inconsistent with our observation of a linear increase
of band gap with composition, which implied strain-free lay-
ers.

In conclusion, the nonequilibrium, low temperature
growth conditions of molecular beam epitaxy have produced
crystalline Ge12yCy alloys having a cubic diamond lattice
oriented to the~100! Si substrate. Measurements on thick
relaxed alloy layers showed that up to 3 at. % C was incor
porated, which reduced the lattice constant and increased th
energy band gap compared to bulk Ge. These alloys open u
an exciting new region for group IV semiconductor hetero-
structure physics and device possibilities.
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