
Heterostructures of pseudomorphic Ge 1ÀyCy and Ge1ÀxÀySixCy alloys
grown on Ge „001… substrates

M. W. Dashiella) and J. Kolodzeyb)

Department of Electrical and Computer Engineering, University of Delaware, Newark, Delaware 19716

P. Boucaud, Vy Yam, and J.-M. Lourtioz
Institute d’Electronique Fondamental, Universite Paris XI, Batiment 220, 91405 Orsay, France

~Received 10 October 1999; accepted 10 January 2000!

Heterostructures of Ge12yCy and Ge12x2ySixCy on Ge ~001! substrates with (0,y,0.001) and
(0,x,0.05) were grown by low temperature molecular beam epitaxy (Tgrowth5275 °C). These
carbon fractions exceed by nearly ten orders of magnitude the solid solubility of C in bulk
germanium. High resolution x-ray diffraction reveals that the layers are pseudomorphic and have
high crystalline quality and interface abruptness, evident from strong Pendello¨sung fringes and
superlattice satellite peaks. The heterostructures are metastable due to the supersaturation of
substitutional C in the lattice and the strained layers relax at high temperatures. From x-ray
diffraction measurements, we conclude that the relaxation mechanism is due to the loss of C from
substitutional sites, rather than by the formation of extended defects. We empirically determined the
activation energies for the decrease of substitutional C in pseudomorphic Ge0.999C0.001 and
Ge0.972Si0.027C0.0008alloys to be 3.4 and 3.6 eV, respectively. Near band-edge photoluminescence is
observed from pseudomorphic Ge12yCy samples. ©2000 American Vacuum Society.
@S0734-211X~00!00103-7#
te
n
.
et

e
r
b
e

its

av

n

s
o

w
he

-
m
yt

a
e
t

to
at
e

ss
-

en-

th

th
n at
iven
;
the
-
n
70
t the
0°.

e to
ex-
ller

ty.
ng
he
s

o C
.06
th

nt
ra.
In the past ten years, alloys of SiGeC have been ex
sively studied in order to exploit strain compensation a
band-gap engineering for heterostructure Si technology1–3

Germanium rich alloys hold promise for greater band offs
for SiGe/Si heterostructures. Due to the lattice mismatch
Si substrates, however, the layers quickly relax by the g
eration of extended defects. The addition of the smalle
atom will relieve some of the lattice mismatch on Si su
strates, however incorporation of substitutional C becom
increasingly difficult with higher Ge concentrations due to
low solid solubility @,131010cm23 ~Ref. 4!#. Several
groups have studied Ge rich GeSiC alloys, but most h
been on Si substrates where the layers are relaxed.5–7 Only
recently has the binary Ge12yCy alloy been synthesized o
Ge by solid phase epitaxy8 and by MBE.9,10 Studying the Ge
rich ternary system on a Ge substrate allows the intrin
alloy properties to be investigated without the presence
defects associated with strain relaxation. In this article,
discuss the properties of the as-grown alloys as well as t
thermal stability.

Ternary Ge12x2ySixCy and binary Ge12yCy alloys were
grown pseudomorphically on Ge~001! substrates at a nomi
nal growth temperature of 275 °C in an EPI620 MBE syste
Carbon was evaporated from a resistively heated pyrol
graphite filament~MBE-Komponenten, Model SUKO-63!.
Silicon and Ge were evaporated from a high temperature
standard effusion cell, respectively. The Ge substrates w
prepared by degreasing in TCE, acetone, and methanol, e
ing in dilute hydroflouric acid H2O:HF(10:1) followed by a
final dip in a solution of H2O and H2O2(10:1). Thesamples

a!Electronic mail: dashiell@ee.udel.edu
b!Electronic mail: kolodzey@ee.udel.edu
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were loaded into the MBE chamber and heated to 600 °C
desorb the surface oxide. A 100 nm Ge buffer was grown
400 °C, followed by the alloy layer at 275 °C and a pure G
cap layer at 400 °C. The alloy composition and thickne
were determined using a Phillip’s X’Pert MRD high
resolution x-ray diffractometer~HRXRD! and dynamical
x-ray simulations. So that the Si content could be indep
dently determined, a reference Ge12xSix binary alloy was
grown under identical conditions to the ternary alloy, wi
the exception of the C shutter being closed.

Table I lists the alloy compositions for various Ge grow
rates, Si cell temperatures, and C filament currents grow
a constant substrate temperature. The C compositions g
are the substitutional (Csub) values determined by HRXRD
the total C concentration might be larger. Figure 1 shows
symmetric~004! x-ray reflections of different binary and ter
nary Ge12x2ySixCy compositions. These layers were grow
at a rate of 0.25 Å/s, were 420 nm thick, and capped with
nm Ge. The x-ray spectra have the angle rescaled so tha
Bragg angle of the Ge substrate and buffer is located at
The alloy Bragg peaks are shifted to higher angles relativ
the pure Ge substrate, indicating tensile strain, which is
pected due to the substitutional incorporation of the sma
Si and C atoms. Also evident are strong Pendello¨sung
fringes, which indicate high crystalline and interface quali

An important point to note in Table I is that by decreasi
the Ge growth rate from 0.6 to 0.01 Å/s, while keeping t
C-flux constant (I filament592.5), we did not observe change
in Csub to the extent expected from the change in the Ge t
flux ratio. As the growth rate is decreased from 0.6 to 0
Å/s, Csub increases by less than a factor of 2. At a grow
rate of 0.01 Å/s,Csub becomes negligible which was evide
from the lack of observable alloy strain in the x-ray spect
17280Õ18„3…Õ1728Õ4Õ$17.00 ©2000 American Vacuum Society
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This is exactly the behavior observed experimentally by O
ten et al.11 for the growth of Si12yCy on Si ~001! and dis-
cussed theoretically by Tersoff.12 The growth requirements
for high substitutional C incorporation in Si required th
growth rate is high enough to bury the C in its substitutio
position before it has time to diffuse to an interstitial s
near the surface. Our observations ofCsub incorporation as a
function of growth rate offers support for the validity of th
model discussed above to describe the growth of Ge12yCy

alloys on the Ge~001! surface.
We measured the differential midinfrared~400–4000

cm21! absorption of the alloy films using both a Ge substr
and an epitaxial Ge layer grown on a Ge substrate as re
ences. For the binary alloy, we observed only a weak lo
vibrational mode ofCsub(C-LVM) in Ge at 529 cm21.8 No
IR peaks were detected in our pure Ge epitaxial film, so
feature is attributed toC. As Si was added, we did not re
solve theC-LVM in the ternary alloy by IR absorption. This
may be due to splitting and broadening of theC-LVM due to
the different first and second nearest neighbor bonding c
figurations of C–Ge and C–Si bonds as discussed in K
et al.,13 making the peak~s! more difficult to resolve. The
presence of substitutional carbon in the ternary alloy, ho

TABLE I. Table of growth conditions and alloy compositions. All sampl
listed were grown at 275 °C. The Si and substitutional C concentrat
were determined by high resolution x-ray diffraction and dynamical sim
lations.

Ge growth
rate
~Å/s!

C cell
current

~A!

Si cell
temperature

~°C!
Substitutional C

fraction
Si

fraction

Alloy
thickness

~nm!

0.25 90 ¯ 0.0005 ¯ 100
0.25 92.5 ¯ 0.0008 ¯ 420
0.25 94.5 ¯ 0.001 ¯ 420
0.60 92.5 ¯ 0.0008 ¯ 120
0.06 92.5 ¯ 0.0015 ¯ 120
0.01 92.5 ¯ ;0 ¯ 120
0.25 92.5 1375 0.0008 0.027 460
0.25 92.5 1400 0.0008 0.040 460

FIG. 1. Symmetric~004! x-ray diffraction reflections of Ge12x2ySixCy al-
loys grown pseudomorphically on Ge~001! substrates. These alloy layer
are 420 nm thick with a 70 nm Ge cap.
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ever, is supported by the additional tensile strain observe
the XRD spectra compared to the binary GeSi alloy w
equivalent Ge to Si ratio~see Fig. 1!.

Figure 2~A! displays the symmetric~004! x-ray reflec-
tions of a 12 period Ge0.972Si0.027C0.0008(9 nm!/Ge~10 mm!
superlattice~solid line! and the equivalent superlattice~SL!
structure with no carbon~dashed line! for several annealing
conditions. Both structures exhibit strong Pendello¨sung
fringes as well as first order SL satellite peaks indicat
high crystalline and interface quality. The bottom pair
curves is the x-ray spectra for the as-grown SL samp
There is a clear shift in the zero order SL peak of the tern
alloy towards higher Bragg angles compared to the bin
SL sample. This is attributed to the incorporation of t
smaller C atom in substitutional sites which increases
average tensile strain compared to the GeSi/Ge SL refere
Because the alloy is metastable, the alloy is expected to r
to its equilibrium state with high temperature annealing. T
next two pairs of curves are the x-ray spectra of the tern
and binary SL structure after annealing at 635 °C for 90 a
1050 s. No significant change is observed in the GeSi/Ge
x-ray spectra over the annealing duration. The zero or
peak of the ternary GeSiC SL, however, decreases to lo
angles with annealing at 635 °C and approaches the equ
lent angular position of the zero-order peak of the GeSi
as annealing time is increased. At an annealing tempera
of 750 °C for 120 s~top curve-solid line!, the position of the
zero-order peak of the GeSiC/Ge SL is indistinguisha
from that of the unannealed GeSi/Ge SL, showing that
average strain of the ternary alloy has relaxed to the equ
lent strain condition of the GeSi reference SL. We attribu

s
-

FIG. 2. ~A! Symmetric ~004! x-ray diffraction reflections vs Bragg angle
shift of a 12~9 nm/10 nm! period Ge0.972Si0.027C0.0008/Ge superlattice~SL!
~solid line! and the equivalent superlattice structure with no carbon~dotted
line!. All growth conditions were the same between the two samples w
the exception of the C beam being blocked during growth of the latter
After selected annealing conditions~indicated in figure! strain conditions in
the ternary layer relax to that of the more stable binary alloy SL.~B! Sym-
metric ~004! x-ray diffraction reflections of the pseudomorphic Ge0.999C0.001

alloy on Ge ~001! after successive 635 °C isothermal anneals~times are
indicated in the figure!. A decrease in layer strain is observed with increa
ing time due to loss of substitutional C.
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the decrease in strain with annealing to the ejection o
from substitutional lattice sites. We rule out the formation
extended defects in the ternary layer, since the strong P
dellösung fringes remain after annealing. For the 750 °C
neal, the disappearance of the satellite superlattice peaks
gests that the interface sharpness has degraded, probabl
to Ge–Si interdiffusion.

To quantify the thermal stability of the alloys, we hav
studied the systematic change in average lattice consta
the pseudomorphic alloy layers with annealing. Anneal
was performed in forming gas in a Heatpulse rapid therm
annealing~RTA! furnace for temperatures between 600 a
725 °C. Figure 2~B! shows the symmetric~004! x-ray reflec-
tion of the 420 nm thick Ge0.999C0.001 alloy after successive
isothermal anneals at 635 °C. Similar to the case of the
SiC SL, the average tensile strain decreases towards the
of zero substitutional carbon. Infrared absorption show t
the C-LVM intensity in the binary alloy is decreasing wit
high temperature anneals, which supports the interpreta
that the decrease in strain is due to the ejection of C fr
substitutional sites. The experiments were duplicated for
GeSi0.027C0.0008alloys and performed at temperatures of 60
635, 675, and 725 °C.

Figure 3 plots the difference of the alloy layer Brag
angle relative to that of pure Ge@D2Q(t)# normalized to its
initial value @(D2Q(t50))# against the annealing time fo
the two alloys discussed above and at four different ann
ing temperatures. We have assumed that the decrease in
stitutional C concentration is linearly proportional to the d
crease in the relative spacing between the Bragg angle o
alloy and that of Ge~Vegard’s law!. The curves were fitted
to the empirical expression given in Ref. 10 describing
loss ofCsub in Ge12yCy alloys:

D2Q~ t !

D2Q~ t50!
5

Csub~ t !

Csub~ t50!
5expH 2S t

t D nJ , ~1!

FIG. 3. Plot of theCsub as a function of annealing time normalized to i
initial value for pseudomorphic Ge0.972Si0.027C0.0008 ~open symbols! and
Ge0.999C0.001 ~closed symbols! alloys. The inset shows the Arrhenius plot o
the decay constant,t21 vs 1/kBT wherekB is Boltzmann’s constant andT is
the annealing temperature. An activation energy of 3.4 and 3.6 eV
obtained for Ge0.999C0.001 and Ge0.972Si0.027C0.0008, respectively.
J. Vac. Sci. Technol. B, Vol. 18, No. 3, May ÕJun 2000
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wheret is a decay constant andn characterizes the proces
involved in precipitate formation. We obtained values ofn
about 0.4 for all temperatures and for both compositions
agreement with Ref. 10 for GeC superlattices. The inse
Fig. 3 displays the Arrhenius plot oft21 vs 1/kBTanneal

wherekB is the Boltzmann constant. The value oft21 may
be interpreted as a thermally activated rate for the loss
substitutional C, wheret21;exp@2EA /kBT#. We obtainEA

53.460.15 eV and 3.660.2 eV in the pseudomorphic
Ge0.999C0.001 and the GeSi0.027C0.0008alloys, respectively.

Our value ofEA for pseudomorphic Ge0.999C0.001on Ge is
greater than the 2.6 eV obtained by Duschlet al.10 by fitting
Eq. ~1! to two alloy compositions with higherCsub fractions
~y50.005 andy50.008! than ours. Our previous results14

for Si rich SiGeC alloys on Si indicate that the activatio
energy characterizing the loss of substitutional carbon is
pendent on two contributions:~i! the microscopic strain
around the C atom due to the atomic mismatch betwee
and the larger Si and Ge atoms and~ii ! the total strain energy
of the strained alloy layer grown on a substrate of differe
lattice constant. For the former contribution, the activati
energy will decrease monotonically as the microscopic str
energy around the individual C atom increases. For the la
case, the contribution toEA will depend on the magnitude o
the alloy layer’s total strain energy prior to and after t
ejection of C from its substitutional sites, so that this con
bution to the activation energy is negative if the ejection
Csub decreases the total elastic strain energy in the layer.
larger activation energy for Ge0.999C0.001 compared to the
value of EA measured in Ref. 10 for pseudomorph
Ge0.995C0.005 and Ge0.992C0.008 alloys suggests a compos
tional dependence of the activation energy, possibly rela
to total strain energy of the alloy layer. Other possible co
tributions to the differences in activation energies could
related to defects generated during growth, since the di
sion and ejection ofCsub will most likely involve reactions
with point defects such as vacancies and interstitial C ato
or complexes. It is not yet clear how the relative concent
tions of these defects affects the thermal stability of the
loys.

Our activation energy is greater than what would quali
tively be predicted by extrapolating to high Ge fractions t
activation energies obtained in Si rich SiGeC alloys.14 For
samples with large Si content, the mechanism for relaxa
is SiC precipitation, which clearly cannot occur in Ge12yCy

alloys. Thus the mechanism for relaxation in Ge12yCy alloys
must differ, and the difference between our obtainedEA and
that obtained from extrapolating from the Si-rich SiGeC
loy system is not surprising. Recently, graphitic C phases
annealed Ge12yCy on Si~001! samples withy,0.07 have
been observed with Raman spectroscopy,6 suggesting that
Csub may diffuse to form graphite precipitates.

To further qualify the material quality of these alloys w
performed photoluminescence~PL! experiments on selecte
alloy samples. PL was detected from three different str
tures at 2.8 K under excitation from an Ar laser. The dot
line in Fig. 4 shows the PL spectrum of the epitaxial G

s
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measured with an excitation density of 7 W/cm2. Lumines-
cence peaks are observed at 740 and 714 meV. Base
results published for pure Ge,15,16 these are tentatively as
signed to a no-phonon~NP! exciton peak and a longitudina
acoustic~LA ! phonon replica, respectively. A slight peak
observed at 735 meV, which may be the transverse acou
~TA! phonon replica of the free exciton. These lines cor
spond to the same positions~but not the intensity ratios!
measured for a commercially available intrinsic Ge subst
measured under equivalent conditions~not shown!. A pos-
sible explanation for the relative strength of the NP peak
our Ge layer may be a lattice disorder due to the low te
perature growth, which may produce point defects. The s
line in Fig. 4 displays the PL spectra of 100 nm thi
Ge0.9995C0.0005 alloy with a 40 nm thick Ge cap measure
under 4 W/cm2 excitation. Three luminescence peaks are
served at 740, 730, and 709 meV, which possibly are the
the TA and the LA recombination lines, respectively. Co
pared to the pure Ge sample, the phonon replicas h
redshifted by ;5 meV. Weak PL was observed i
Ge0.9985C0.0015 ~not shown! with identical shifts of the pho-
non replica relative to the epitaxial Ge reference.

An explanation for the phonon shift with the addition
carbon is difficult since a systematic study at variable te
peratures and excitations is not available at this time. I
interesting to note, however, that the redshift of the phon
replicas with C, did not shift with additionalCsub up to y
50.0015. The 5 meV shift is the same energy that sev
authors have attributed to the energy lowering due to form
tion of an electron-hole droplet~EHD!.15–17The positions of
the LA and TA phonon peaks in the Ge0.9995C0.0005 sample
are identical in position to that observed in Fig. 4 of Ref.
for the luminescence spectra of the EHD in Ge. Our Ge la
exhibits the spectral characteristic of free-exciton recomb
tion even under higher excitation density~higher carrier den-
sity!, where EHD formation would be more favorable. It m
be speculated that the alloy layer may introduce a poten
fluctuation~be it localized around C or at the heterostructu
potential well!, which increases the exciton density near t

FIG. 4. Photoluminescence spectra of epitaxial Ge~dotted line! and pseudo-
morphic Ge0.9995C0.0005on Ge~solid line!. The high energy peak at 740 me
is assigned to the NP recombination line of Ge. The alloy layer exhibits
and LA assisted peaks at 730 and 710 meV, respectively, that are shifte
5 meV with respect to the pure Ge reference sample.
JVST B - Microelectronics and Nanometer Structures
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fluctuation, resulting in the formation of the EHD. The sh
of the phonon replicas with the addition of C suggests t
the phonon-assisted luminescence is originating from the
loy layer. It is not clear if the NP luminescent peak of th
alloy has shifted with the addition of C. A low energy shou
der was observed on the 740 meV peak of the alloy sam
but its energy could not be resolved.

In conclusion, we have synthesized pseudomorphic, m
stable Ge12yCy and Ge12x2ySixCy alloys and superlattices
on Ge ~001! substrates, which exhibit high crystalline an
interface quality. The Csub incorporation mechanism appea
to be thermally activated surface diffusion similar to the
corporation of C in Si12yCy alloys on Si~001!. We present
evidence of photoluminescence from the binary Ge12yCy al-
loy, an important result for optoelectronic studies. For o
composition range, the binary and ternary alloys are me
stable, relaxing by the ejection of C from substitutional sit
This process appears to occur at a rate greater than th
Ge–Si interdiffusion. The activation energy describing t
rate of loss of substitutional C in pseudomorph
Ge0.999C0.001 and GeSi0.027C0.0008 alloys is 3.4 and 3.6 eV,
respectively. This implies that the alloys will be stable f
processing temperatures of less than 550 °C.
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