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Growth and thermal stability of pseudomorphic Ge 1-,C,/Ge
superlattices on Ge (001)
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High quality Ge/Ge_,C, superlattices with nominal carbon contents of 1.2% and 2.1% were grown
by molecular beam epitaxy on @®1). In transmission electron microscopy the layers are planar
and perfectly pseudomorphic without any extended defects observable. The infrared absorption line
at 529 cm? is attributed to the local vibrational mode of substitutional carbon in germanium.
However, in contrast to $i,C, alloys where almost 100% of the C is substitutional under
optimized growth conditions, x-ray diffraction measurements indicate that the efficiency of carbon
incorporation onto substitutional sites is only about 30% for low temperature growihg at
=200 °C. It reduces further for higher growth temperatures to only about 10%=aB800 °C.
Post-growth annealing experiments indicate thermal stability up to 450 °C. Annealing at higher
temperature results in a reduction of substitutional carbon content. As in the case (@ Silloys

the built-in strain is relaxed by C diffusion and not by nucleation of misfit dislocation.1999
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The substitutional incorporation of small amounts of car-cleaned in boiling trichlorethylene, acetone, and methanol
bon into Si and Si_ ,Ge, is an attractive method to adjust and then oxidized in a $0,/H,SO, mixture. The oxide was
strain, band alignments and energy gaps in Si/SiGeGesorbed in the MBE chamber by annealing at 550 °C for 10
heterostructurek:® For Ge-rich Si_x-yGgC, layers, the in-  min. The growth was started at a temperature of 150 °C to
corporation of carbon into the Ge matrix plays an importantavoid the formation of islands. During a 50 nm thick buffer
role. Recent experiments on,;Sj_,GgC, films indicate layer the temperature was increased up to 200 °C. At this
that growth becomes increasingly more difficult for high Getemperature the SL structure, consisting of 30 periods alter-
contents, implying that C tries to avoid C—Ge bofidgery  nating 10 nm Ge and 3 nm @g,Cy, and finally, a 20 nm
careful optimization of the growth parameters in molecularGe cap layer were deposited. Two structures, called A and B,
beam epitaxy (MBE) is essential for the synthesis of were fabricated with nominal carbon contents of 1.2% and
Ge, _,C, alloy layers, because of the even lower solubility of 2.1%, respectively. The growth rates were previously cali-
carbon in Ge (18 atoms/cri at the melting point of Geas  brated by x-ray diffraction(XRD) measurements of a
compared to Si, and due to the large lattice mismatch besi/Sj,_,Ge, and two Si/Sj_,C, SL. The Si/Sj_,C,
tween diamond and Ge of about 59%. Previous investigasamples were grown at a growth rate of 1 A/s and a substrate
tions have focused on the synthesis and the material pararfemperature of 460 °C. The carbon content, calculated with
eters of Gg ,C, layers on Si001). Since pseudomorphic the approach by Kelireswas 0.45% and 0.80%, respec-
Ge,,C, alloys with only a few atomic layers can be pre- tively. The flux calibration by XRD is reasonable because
pared on ST, most of the measurements were carried out orformer measurements with secondary-ion mass spectroscopy
thick relaxed layer§:® These layers exhibit high dislocation and XRD showed that nearly 100% of the carbon atoms were
densities which makes it difficult to measure intrinsic mate-incorporated at substitutional sites for these growth condi-
rial parameters. tions, which is in agreement with recent investigations by

In this letter, we report on the epitaxial growth of high zerlauthet al® For the deposition of germanium, we used
quality Gg_,C, /Ge superlattice$SL) with carbon concen-  an effusion cell and carbon was sublimated from a hot pyro-
trations up to 2.1% on GE01) substrates. The layers are |ytic graphite filament. Transmission electron microscopy
well defined and allow detailed investigation of structural(TEM), double-crystal XRD, using CKa; radiation, and
properties, efficiency of the incorporation of substitutionalinfrared (IR) absorption measurements were applied to ana-
carbon and the thermal stability of the metastable G€,  |yze the structural properties and the amount of substitutional
alloy. _ C. To investigate the thermal stability the samples were an-

The Ge_,Cy/Ge SL structures were grown by solid pegjed in a rapid thermal anneal@®TA) in forming gas
source MBE. The G@01) substrates were chemically atmosphere in the temperature range from 300 to 850 °C for
various times. X-ray rocking curve analysis of the symmetric
dElectronic mail: duschl@servix.mpi-stuttgart.mpg.de (004 and the asymmetri€115) reflections was used to cal-
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observable Pendelosung fringes around the zero-order peak
[see inset of Fig. @) for sample B. The TEM image in Fig.
1 and the evaluation of the asymmetficl5) rocking curves
demonstrate that the Ge,C, alloy layers are fully laterally
extended to match the Ge substrgiseudomorphic growjh
Figure 2a) shows the best fitted simulated curves. The dy-
namical simulation uses Vegard's law, i.e, the linear interpo-
lation between Ge and diamond, to calculate the lattice con-
stantag(y) of Ge_,C,. A slight bowing effect inay(y),
similar to the case of $iny,9 would reduce the carbon
concentration indicated in the following, but does not change
the other statements. The results of the fitting procedures for
the samples A and B are carbon contents of 0.5% and 0.8%,
respectively. We have compared this C content with the
v - | nominal carbon flux calibrated by XRD measurements on
Ge-buffer 100 nm (001) Si;_yC, SL structures. A comparison with other methods,
o like secondary-ion mass spectroscopy measurements, is dif-
FIG. 1. Cross-sectional TEM im_agg of 30 periqu alternating 10 nm Ge andjcult because of missing standards forl%_ The com-
3 nm GQ‘WQQO.QZI._The image indicates no signs of extended C relatedpariSon of the C flux with the C content of the ﬁ?cy
defects or misfit dislocations. . . .
layers results in an efficiency of about 30% for the incorpo-
ration of substitutional C into Ge dts=200 °C. For higher
culate the amount of substitutional carbon and the degree @jrowth temperatures of 300 °C, the substitutional C incorpo-
relaxation of the layers! ration is reduced to only 10%. Significantly lowBg, on the
Figure 1 shows a cross-sectional TEM image of thepther hand, will result in increased incorporation of point
sample B with 3 nm thick Ggy;4o001 layers. The  defects.
Gey 974 0.021 layers appear as homogeneous dark lines with  |nfrared absorption measurement were performed at
planar interfaces. The image does not indicate any extendedom temperature in the frequency range of 450—4000'cm
defects induced by the carbon. Figuréa)2shows XRD  aAn absorbance spectrum measured on a reference Ge sub-
curves of the two Ge (C,/Ge SL A and B described above. strate was subtracted from the sample absorbance spectra to
The main peak ah20 =0° is the(004) diffraction from the  remove any irrelevant features originating from the substrate.
Ge substrate and buffer layer. The zero-order peak of the Skigyre 2b) shows the infrared absorbance spectra of the two
is shifted to values ofA20=+0.058° andA20=+0.084° Ge_,C,/Ge SL. We observe an absorption line at 529&m
for samples A and B, respectively, indicating that the aver{or poth samples. Hoffmanat al? studied substitutional C
age strain is tensile. Evidence of good crystalline quality isp Ge with infrared spectroscopy and ion channeling for Ge
reflected in the observation of higher order SL peaks andystals implanted with C ions. They observed a local vibra-
tional mode(LVM) due to substitutional C at 531 and 512
——— 1 ———— cm ! for Ge crystals weré’C and*3C have been implanted,
sample B (a) (b) respectively. Therefore we attribute the absorption line at
529 cm ! to the LVM of C in Ge. The 2 cm' decrease in
wavenumber is due to the different temperature during
measuremenit The integrated absorbance of the mode at
529 cm ! scales proportionally to the shift in the separation

- 529cm”

A
| of the zero-order SL XRD peak with respect to the Ge sub-
strate peak.
B - To investigate the thermal stability of the layers, the
samples were annealed for 20 min at different temperatures

from 300 to 850 °C. After the annealing, measurements of
symmetric(004) and asymmetri¢115 XRD rocking curves
were carried out, to determine the perpendicular and in-plane
lattice constant. The layers do not relax by nucleation of
A Lt misfit dislocations since no change of the in-plane lattice
10 -05 00 05 10 500 550 constant is detected within this temperature range. Figure 3
A20 (degrees) Wavenumber (cm ) shows the angle distand0® between the maif004) peaks
FIG. 2. Symmetriq004) x-ray diffraction rocking curves of Ge,C, /Ge of tl;]e Gehsuiggatde and the %?Cy layers. The data in Fig. f
superlattices with nominal C content of 1.2%ample A and 2.1%(sample 3 show that 3 oes an[ change up to a temperature o
B), respectively and best fitted simulated curve for sampl@)BThe good 450 °C. At higher annealing temperaturA20 decreases,
crystalline quality is reflected in the observation of higher order SL peakgndicating the thermal activation of C atoms located in the
and the observable Pendelosung fringes around the zero-ordeiseeskiso ; PR :
inset of (8)]. IR absorption of the two Ge ,C,/Ge SL less a Ge reference Ge mat'_”x' The tgmperature .behaV|or IS In agreement with IR
spectra(b). The absorption line observed at 529 This attributed to the abSO{zp'[IOIj and ion C_hanne“ng measurements by Hoffmann
local vibrational mode of substitutional C in Ge. et al.“ which are carried out in the same temperature range.

IR Absorbance (Arb. Units)

XRD Log Intensity (Arb. Units)

W‘M\a\vlw'lw IW’W\ M




1152 Appl. Phys. Lett., Vol. 74, No. 8, 22 February 1999 Duschl et al.

[ T MR ] n=0.5 indicates a different nature of precipitate formation.
0.08 '\ '\'\ —A— sample AT These results are in agreement with Raman measurements,
as grown v —v—sample B which indicate the formation of amorphous and graphitic
~ 0'06_' Aaa—tad | carbon clusters in Ge,C, alloys, while no stable GeC
a 004 ‘\v | phase is known to exigtAn activation energye, for the
4 i A ] loss of substitutional C can be obtained from the temperature
0.02 | 8 dependence of the rate constapt-exg —EA/kT)]. Figure
r annealing time = 20 min Xﬁk‘ 1 4(b) shows the Arrhenius plot log() against1000/T for
000F | . . — both SL structures. The solid line is a linear fit to the data,

200 300 400 500 600 700 800

which corresponds to an activation ener =2.6 eV.
temperature (°C) P 9y B

Kulik et al. report that the activation energy for the loss of
FIG. 3. Angle distance\20 between the maif004) peaks of the Ge sub- Substitutional carbon in i, ,GegC, layers with a carbon
strate and the Ge,C, layers as a function of annealing temperature. At content of about 0.8% has a maximum Bf=4.9 eV for
tempera_tur(_es above 450 420 decreases indicating the thermal activation gtrain Compensated 0%92633.1(:0.008 a||0y on Si, and de-

of substitional C. creases for higher Ge conteftsThis is explained by an
increase of the mismatch between Si-Si and Si—C bonds

It indicates, that the films are likely to relax by C diffusion With increasing Ge concentration. From their results, an ac-
into precipitates and not by nucleation of misfit dislocationstivation energy below 3 eV can be assumed for Ge-rich
like in the case of SiGe/Si heterostructures. To investigat&ii—x—yG&Cy layers, which is in agreement with our mea-
the loss of substitutional C in more detail the time depen-Surement.

dence of the decrease of C in the SL structure is measured at [N _conclusion, we have shown that pseudomorphic
different temperatures. The normalized angle distanc&®1-yCy layers can be grown by MBE with carbon contents
A20(t)/A20(t=0) in Fig. 4a) shows that the loss of sub- Qf up to 0.8%. The efficiency of substltl_JtlonaI C incorpora-
stitutional C is independent of the initial carbon content butlion at & growth temperature of 200 °C is about 30%, which
increases with increasing annealing temperature. In thi$ considerably lower as compared to the nearly complete
theory of phase transformations in alloys, this behavior caicOrporation of Cin Si. Narrow IR absorption at 529 cn
be described by the semiempirical rate equatigft) due tp substitutional carbor.1'|n Ge is observed. Annealing
=exd (—kt)"], wherey(t) is the fraction not transformed experiments show the stability of Gg,Cy alloys up to a

andk, is the empirical rate constatt The empirical para- temperature of about 450 °C. At higher temperatures, an ac-

metern characterizes the model process for the growth of théuvatlon energy for the Joss of substitutional carbonkf

precipitates. The solid lines in Fig(a are best fitted simu- =2.6 eVis determined.
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