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culate the amount of substitutional carbon and the degre
relaxation of the layers.11

Figure 1 shows a cross-sectional TEM image of
sample B with 3 nm thick Ge0.979C0.021 layers. The
Ge0.979C0.021 layers appear as homogeneous dark lines w
planar interfaces. The image does not indicate any exten
defects induced by the carbon. Figure 2~a! shows XRD
curves of the two Ge12yCy /Ge SL A and B described above
The main peak atD2Q50° is the~004! diffraction from the
Ge substrate and buffer layer. The zero-order peak of the
is shifted to values ofD2Q510.058° andD2Q510.084°
for samples A and B, respectively, indicating that the av
age strain is tensile. Evidence of good crystalline quality
reflected in the observation of higher order SL peaks

FIG. 1. Cross-sectional TEM image of 30 periods alternating 10 nm Ge
3 nm Ge0.979C0.021. The image indicates no signs of extended C rela
defects or misfit dislocations.

FIG. 2. Symmetric~004! x-ray diffraction rocking curves of Ge12yCy /Ge
superlattices with nominal C content of 1.2%~sample A! and 2.1%~sample
B!, respectively and best fitted simulated curve for sample B~a!. The good
crystalline quality is reflected in the observation of higher order SL pe
and the observable Pendelosung fringes around the zero-order peak@see also
inset of ~a!#. IR absorption of the two Ge12yCy /Ge SL less a Ge referenc
spectra~b!. The absorption line observed at 529 cm21 is attributed to the
local vibrational mode of substitutional C in Ge.
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observable Pendelosung fringes around the zero-order
@see inset of Fig. 2~a! for sample B#. The TEM image in Fig.
1 and the evaluation of the asymmetric~115! rocking curves
demonstrate that the Ge12yCy alloy layers are fully laterally
extended to match the Ge substrate~pseudomorphic growth!.
Figure 2~a! shows the best fitted simulated curves. The d
namical simulation uses Vegard’s law, i.e, the linear interp
lation between Ge and diamond, to calculate the lattice c
stanta0(y) of Ge12yCy . A slight bowing effect ina0(y),
similar to the case of Si12yCy ,9 would reduce the carbon
concentration indicated in the following, but does not chan
the other statements. The results of the fitting procedures
the samples A and B are carbon contents of 0.5% and 0.
respectively. We have compared this C content with
nominal carbon flux calibrated by XRD measurements
Si12yCy SL structures. A comparison with other method
like secondary-ion mass spectroscopy measurements, is
ficult because of missing standards for Ge12yCy . The com-
parison of the C flux with the C content of the Ge12yCy

layers results in an efficiency of about 30% for the incorp
ration of substitutional C into Ge atTS5200 °C. For higher
growth temperatures of 300 °C, the substitutional C incor
ration is reduced to only 10%. Significantly lowerTS , on the
other hand, will result in increased incorporation of po
defects.

Infrared absorption measurement were performed
room temperature in the frequency range of 450–4000 cm21.
An absorbance spectrum measured on a reference Ge
strate was subtracted from the sample absorbance spec
remove any irrelevant features originating from the substr
Figure 2~b! shows the infrared absorbance spectra of the
Ge12yCy /Ge SL. We observe an absorption line at 529 cm21

for both samples. Hoffmannet al.12 studied substitutional C
in Ge with infrared spectroscopy and ion channeling for
crystals implanted with C ions. They observed a local vib
tional mode~LVM ! due to substitutional C at 531 and 51
cm21 for Ge crystals were12C and13C have been implanted
respectively. Therefore we attribute the absorption line
529 cm21 to the LVM of 12C in Ge. The 2 cm21 decrease in
wavenumber is due to the different temperature dur
measurement.13 The integrated absorbance of the mode
529 cm21 scales proportionally to the shift in the separati
of the zero-order SL XRD peak with respect to the Ge s
strate peak.

To investigate the thermal stability of the layers, t
samples were annealed for 20 min at different temperatu
from 300 to 850 °C. After the annealing, measurements
symmetric~004! and asymmetric~115! XRD rocking curves
were carried out, to determine the perpendicular and in-pl
lattice constant. The layers do not relax by nucleation
misfit dislocations since no change of the in-plane latt
constant is detected within this temperature range. Figu
shows the angle distanceD2Q between the main~004! peaks
of the Ge substrate and the Ge12yCy layers. The data in Fig
3 show thatD2Q does not change up to a temperature
450 °C. At higher annealing temperaturesD2Q decreases,
indicating the thermal activation of C atoms located in t
Ge matrix. The temperature behavior is in agreement with
absorption and ion channeling measurements by Hoffm
et al.12 which are carried out in the same temperature ran
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It indicates, that the films are likely to relax by C diffusio
into precipitates and not by nucleation of misfit dislocatio
like in the case of SiGe/Si heterostructures. To investig
the loss of substitutional C in more detail the time dep
dence of the decrease of C in the SL structure is measure
different temperatures. The normalized angle dista
D2Q(t)/D2Q(t50) in Fig. 4~a! shows that the loss of sub
stitutional C is independent of the initial carbon content b
increases with increasing annealing temperature. In
theory of phase transformations in alloys, this behavior
be described by the semiempirical rate equationy(t)
5exp@(2krt)

n#, wherey(t) is the fraction not transformed
and kr is the empirical rate constant.14 The empirical para-
metern characterizes the model process for the growth of
precipitates. The solid lines in Fig. 4~a! are best fitted simu-
lated curves usingn and kr as fitting parameters. We fin
values ofn50.4–0.5 for the Ge12yCy structures, almost in-
dependent of the annealing temperature and initial car
content. In the case of Si12yCy alloys, a value ofn51 is
found for the diffusion controlled formation of the ver
stable SiC phase, which dominates the formation
precipitates.15 In the Ge/C system the measured value

FIG. 3. Angle distanceD2Q between the main~004! peaks of the Ge sub-
strate and the Ge12yCy layers as a function of annealing temperature.
temperatures above 450 °CD2Q decreases indicating the thermal activati
of substitutional C.

FIG. 4. ~a! Normalized angle distanceD2Q(t)/D2Q(t50) for different
annealing temperatures.~b! Arrhenius plot of the rate constantkr over
1000/T. The straight line is a linear fit to the data.
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n50.5 indicates a different nature of precipitate formatio
These results are in agreement with Raman measurem
which indicate the formation of amorphous and graph
carbon clusters in Ge12yCy alloys, while no stable GeC
phase is known to exist.7 An activation energyEA for the
loss of substitutional C can be obtained from the tempera
dependence of the rate constantkr;exp@2EA /kT)]. Figure
4~b! shows the Arrhenius plot log(kr) against1000/T for
both SL structures. The solid line is a linear fit to the da
which corresponds to an activation energy ofEA52.6 eV.
Kulik et al. report that the activation energy for the loss
substitutional carbon in Si12x2yGexCy layers with a carbon
content of about 0.8% has a maximum ofEA54.9 eV for
strain compensated Si0.892Ge0.1C0.008 alloy on Si, and de-
creases for higher Ge contents.16 This is explained by an
increase of the mismatch between Si–Si and Si–C bo
with increasing Ge concentration. From their results, an
tivation energy below 3 eV can be assumed for Ge-r
Si12x2yGexCy layers, which is in agreement with our me
surement.

In conclusion, we have shown that pseudomorp
Ge12yCy layers can be grown by MBE with carbon conten
of up to 0.8%. The efficiency of substitutional C incorpor
tion at a growth temperature of 200 °C is about 30%, wh
is considerably lower as compared to the nearly comp
incorporation of C in Si. Narrow IR absorption at 529 cm21

due to substitutional carbon in Ge is observed. Anneal
experiments show the stability of Ge12yCy alloys up to a
temperature of about 450 °C. At higher temperatures, an
tivation energy for the loss of substitutional carbon ofEA

52.6 eV is determined.
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