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Heterostructures of Ge,C, and Ge_,_,Si,C, on Ge(00]1) substrates with (&y<0.001) and
(0<x<0.05) were grown by low temperature molecular beam epitdiy,(n=275°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 Pesuledjdringes 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 pseudomorphigedGeyy: and

Ge) 975510.02C0.0008@ll0ys to be 3.4 and 3.6 eV, respectively. Near band-edge photoluminescence is
observed from pseudomorphic G§C, samples. ©2000 American Vacuum Society.
[S0734-211X00/00103-7

In the past ten years, alloys of SiGeC have been extenwere loaded into the MBE chamber and heated to 600 °C to
sively studied in order to exploit strain compensation anddesorb the surface oxide. A 100 nm Ge buffer was grown at
band-gap engineering for heterostructure Si technotogy. 400 °C, followed by the alloy layer at 275 °C and a pure Ge
Germanium rich alloys hold promise for greater band offsetsap layer at 400 °C. The alloy composition and thickness
for SiGe/Si heterostructures. Due to the lattice mismatch tavere determined using a Phillip’s X'Pert MRD high-
Si substrates, however, the layers quickly relax by the genresolution x-ray diffractomete(HRXRD) and dynamical
eration of extended defects. The addition of the smaller &x-ray simulations. So that the Si content could be indepen-
atom will relieve some of the lattice mismatch on Si sub-dently determined, a reference GgSi, binary alloy was
strates, however incorporation of substitutional C becomegrown under identical conditions to the ternary alloy, with
increasingly difficult with higher Ge concentrations due to itsthe exception of the C shutter being closed.
low solid solubility [<1Xx10*°cm™2 (Ref. 4]. Several Table | lists the alloy compositions for various Ge growth
groups have studied Ge rich GeSiC alloys, but most haveates, Si cell temperatures, and C filament currents grown at
been on Si substrates where the layers are ref2Xe@nly ~ a constant substrate temperature. The C compositions given
recently has the binary Ge,C, alloy been synthesized on are the substitutional@,) values determined by HRXRD;
Ge by solid phase epitakgand by MBE®° Studying the Ge the total C concentration might be larger. Figure 1 shows the
rich ternary system on a Ge substrate allows the intrinsi€ymmetric(004) x-ray reflections of different binary and ter-
alloy properties to be investigated without the presence opary Ge , ,Si,C, compositions. These layers were grown
defects associated with strain relaxation. In this article, weat a rate of 0.25 A/s, were 420 nm thick, and capped with 70
discuss the properties of the as-grown alloys as well as theltm Ge. The x-ray spectra have the angle rescaled so that the
thermal stability. Bragg angle of the Ge substrate and buffer is located at 0°.

Ternary Ge_,_,Si,C, and binary Ge_,C, alloys were The alloy Bragg peaks are shifted to higher angles relative to
grown pseudomorphically on G601) substrates at a nomi- the pure Ge substrate, indicating tensile strain, which is ex-
nal growth temperature of 275 °C in an EP1620 MBE Systempected due to the substitutional incorporation of tf_\_e smaller
Carbon was evaporated from a resistively heated pyrolytiSi and C atoms. Also evident are strong Pendeity
graphite filament(MBE-Komponenten, Model SUKO-63 fringes, which indicate high crystalline and interface quality.
Silicon and Ge were evaporated from a high temperature and An important point to note in Table | is that by decreasing
standard effusion cell, respectively. The Ge substrates wef@ Ge growth rate from 0.6 to 0.01 A/s, while keeping the
prepared by degreasing in TCE, acetone, and methanol, etck=flux constant (sjamen= 92.5), we did not observe changes
ing in dilute hydroflouric acid KO:HF(10:1) followed by a in Csupto the extent expected from the change inthe Ge to C

final d|p in a solution of HO and F&Oz(lol) Thesamp'es flux ratio. As the grOWth rate is decreased from 0.6 to 0.06
Als, Cq,, increases by less than a factor of 2. At a growth

aE|ectronic mail: dashiell@ee.udel.edu rate of 0.01 A/sC,, becomes negligib_le_which was evident
DElectronic mail: kolodzey@ee.udel.edu from the lack of observable alloy strain in the x-ray spectra.
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TaBLE |. Table of growth conditions and alloy compositions. All samples
listed were grown at 275°C. The Si and substitutional C concentrations Anneal Al Bl
were determined by high resolution x-ray diffraction and dynamical simu- @ | "Crseconds Tanneal
lations. 2 (sec)
=
Ge growth C cell Si cell Alloy £ [(750/120) () 2400
rate current temperature Substitutional C ~ Si thickness N 1500
(Als) (A) (°C) fraction fraction (nm) g‘ o
= 700
0.25 90 aE 0.0005 e 100 % 44
0.25 92.5 e 0.0008 e 420 — 240
0.25 94.5 0.001 420 T |a 150
0.60 925 0.0008 120 9 |(63590) .
0.06 92.5 = 0.0015 = 120 & A 2
0.01 925 ~0 120 5 .li«',wy "“.'V 4.." A 10
0.25 92.5 1375 0.0008 0.027 460 o0 12xsr | |0 Ge,,,C, 0
0.25 925 1400 0.0008 0.040 460 040004  -015 000 015
A20 A20

e ; ; Fic. 2. (A) Symmetric(004) x-ray diffraction reflections vs Bragg angle
This is elxlactly the behavior ob_served expenmentally py OsShiﬂ of & 12(9 NM/10 M period Ge orSis 0rCo son Ge SuperlatticeSL)
tenet al™" for the growth of Si—ycy on Si (001 and dis- (solid line) and the equivalent superlattice structure with no carfatmited
cussed theoretically by Tersdff. The growth requirements Jine). Al growth conditions were the same between the two samples with
for high substitutional C incorporation in Si required that the exception of the C beam being blocked during growth of the latter SL.
growth rate is high enough to bury the C in its SubstitutionalAﬂer selected annealing conditiofiedicated in flgurjiastram conditions in

. ; . . . L. .. the ternary layer relax to that of the more stable binary alloy (B)L..Sym-
position before it has time to diffuse to an interstitial site ,qyic (004 x-ray diffraction reflections of the pseudomorphicaG&Co oo
near the surface. Our observationsQf, incorporation as a alloy on Ge(001) after successive 635 °C isothermal annddimes are
function of growth rate offers support for the validity of the ?ndic_ated in the figure A decr_eage in layer strain is observed with increas-
model discussed above to describe the growth of G@, "9 fime due to loss of substitutional C.

alloys on the G€001) surface.

We measured the differential midinfrare@00-4000 ever, is supported by the additional tensile strain observed in

cm 1) absorption of the alloy films using both a Ge substrate, . wrp spectra compared to the binary GeSi alloy with
and an epitaxial Ge layer grown on a Ge substrate as refe ;quivalent Ge to Si ratiésee Fig. 1

ences. For the binary alloy, we observed only a weak local Figure ZA) displays the symmetri¢004) x-ray reflec-

vibrational mode ofC,{C-LVM) in Ge at 529 cm .8 No tions of a 12 peri :
- SN - period Ggy7:Sio 02C0.000d 9 NM/GE10 mm)
IR peaks were detected in our pure Ge epitaxial film, so thl%uperlattice(solid line) and the equivalent superlatti¢8L)

fezlitureh:ascal'ft\r/islu_tedht@. As Si vl\:as gdclisd,bwe di_d no_f_r:_e— structure with no carbordashed ling for several annealing
solve theC- In the ternary alloy by IR absorption. ThiS -, qitions. Both structures exhibit strong Pendaliog

may t.)e due o splitting and broadening OT Qd-VM dug to fringes as well as first order SL satellite peaks indicating
the different first and second nearest neighbor bonding Co,r]iigh crystalline and interface quality. The bottom pair of

figuralt;ons of C—Ge and C—Si bonds as discussed in Kull, o5 s the x-ray spectra for the as-grown SL samples.
etal,™ making thg peals) more d!ff|cult to resolve. The There is a clear shift in the zero order SL peak of the ternary
presence of substitutional carbon in the ternary alloy, howélloy towards higher Bragg angles compared to the binary
SL sample. This is attributed to the incorporation of the
: smaller C atom in substitutional sites which increases the
Ge (004)  GeSiC (004) average tensile strain compared to the GeSi/Ge SL reference.
"fg'ggog/' Because the alloy is metastable, the alloy is expected to relax
A to its equilibrium state with high temperature annealing. The

x=0027 __, next two pairs of curves are the x-ray spectra of the ternary
¥ =0.000 and binary SL structure after annealing at 635 °C for 90 and

N

y = 0.0008
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Fic. 1. Symmetric(004) x-ray diffraction reflections of Ge ,_,Si,C, al-
loys grown pseudomorphically on G801) substrates. These alloy layers
are 420 nm thick with a 70 nm Ge cap.
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peak of the ternary GeSiC SL, however, decreases to lower
angles with annealing at 635 °C and approaches the equiva-
lent angular position of the zero-order peak of the GeSi SL
as annealing time is increased. At an annealing temperature
of 750 °C for 120 qtop curve-solid ling the position of the
zero-order peak of the GeSiC/Ge SL is indistinguishable
from that of the unannealed GeSi/Ge SL, showing that the
average strain of the ternary alloy has relaxed to the equiva-
lent strain condition of the GeSi reference SL. We attribute

m 1050 s. No significant change is observed in the GeSi/Ge SL
x=0.027 . .
x-ray spectra over the annealing duration. The zero order
y = 0.001 o
/
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where 7 is a decay constant andcharacterizes the process
involved in precipitate formation. We obtained valuesnof
about 0.4 for all temperatures and for both compositions, in
agreement with Ref. 10 for GeC superlattices. The inset of
Fig. 3 displays the Arrhenius plot of ! vs 1KgT anneal
wherekg is the Boltzmann constant. The value of! may

be interpreted as a thermally activated rate for the loss of
substitutional C, where ™ 1~ex —E,/kgT]. We obtainE,

T2 13
KT V")

Al
- 0.21q ¥ e =3.4+0.15eV and 3.60.2eV in the pseudomorphic
. Gey.9960.001 2Nd the GeJip2Co.000salloys, respectively.
001725 ¢ , Our value ofE, for pseudomorphic GggdCo 010N GE is
0 1000 2000 3000 4000 greater than the 2.6 eV obtained by Dusehhl!° by fitting

Eq. (1) to two alloy compositions with highet,, fractions
(y=0.005 andy=0.008 than ours. Our previous restits
Fic. 3. Plot of theCg,, as a function of annealing time normalized to its for Si rich SiGeC alloys on Si indicate that the activation
initial value for pseudomorphic G875Sio.021Co.000s (OPeN symbols and  energy characterizing the loss of substitutional carbon is de-
Gey.9940.001 (Closed symbolsalloys. The inset shows the Arrhenius plot of pendent on two contributionsti) the microscopic strain
the decay constant; ! vs 1kg T wherekg is Boltzmann’s constant ariilis . . .
the annealing temperature. An activation energy of 3.4 and 3.6 eV wa@round the C a'Fom due to the aF_Om'C mBmatCh between it
obtained for GggedCo.001 aNd G.975i002Co.0008 FESPECtively. and the larger Si and Ge atoms djidl the total strain energy

of the strained alloy layer grown on a substrate of different
lattice constant. For the former contribution, the activation

the d i strain with lina to the eiect ¢ Cenergy will decrease monotonically as the microscopic strain
€ gecrease in strain with anneaiing fo the ejection o energy around the individual C atom increases. For the latter
from substitutional lattice sites. We rule out the formation of

. X case, the contribution t&, will depend on the magnitude of
extended defects in the ternary layer, since the strong Pe A P g

dellosung fringes remain after annealing. For the 750 °C anr'—[]he alloy layer's total strain energy prior to and after the

. . ) ejection of C from its substitutional sites, so that this contri-
neal, the disappearance of the satellite superlattice peaks Sjgj

Anneal Time (s)

gests that the interface sharpness has degraded, probably etIon o the activation energy 1s n.egatlve i .the €jection of
to Ge—Si interdiffusion supdecreases the total elastic strain energy in the layer. Our
To quantify the thermal stability of the alloys, we have

larger activation energy for GgygdCp o1 COMpared to the
studied the systematic change in average lattice constant ﬁlue of En n;egsured n R"ef. 10 for i)seudomorph_lc
the pseudomorphic alloy layers with annealing. Annealin >%.0940.005 ANd G@.g90.00g allOYS suggests a composi-
was performed in forming gas in a Heatpulse rapid thermgvonal dependence of the activation energy, possibly related

annealing(RTA) furnace for temperatures between 600 and© total strain energy of the alloy layer. Other possible con-

725°C. Figure 1B) shows the symmetri004) x-ray reflec- tributions to the differences in agtivation energies could. be
tion of the 420 nm thick GsedCo.001 2ll0Y after successive r(_alated to Qefgcts generaFed dunng grqvvth, since the diffu-
isothermal anneals at 635 °C. Similar to the case of the Ge3l0n and ejection o€, will most likely involve reactions
SiC SL, the average tensile strain decreases towards the cadih point defects such as vacancies and interstitial C atoms
of zero substitutional carbon. Infrared absorption show thaP! COmplexes. It is not yet clear how the relative concentra-
the C-LVM intensity in the binary alloy is decreasing with 10Ns of these defects affects the thermal stability of the al-
high temperature anneals, which supports the interpretatiowys- o ] _
that the decrease in strain is due to the ejection of C from Our activation energy is greater than what would qualita-
substitutional sites. The experiments were duplicated for th&lvely be predicted by extrapolating to high Ge fractions the
GeSh.0,Co.onslloys and performed at temperatures of 600,activation energies obtained in Si rich SiGeC alléysor
635, 675, and 725 °C. samples with large Si content, the mechanism for relaxation
Figure 3 plots the difference of the alloy layer Bragg iS SiC precipitation, which clearly cannot occur in GgC,
angle relative to that of pure G&20 (t)] normalized to its ~ alloys. Thus the mechanism for relaxation in;GgC, alloys
initial value [(A20(t=0))] against the annealing time for must differ, and the difference between our obtaigdand
the two alloys discussed above and at four different anneathat obtained from extrapolating from the Si-rich SiGeC al-
ing temperatures. We have assumed that the decrease in si@y system is not surprising. Recently, graphitic C phases in
stitutional C concentration is linearly proportional to the de-annealed Gg ,C, on S(001) samples withy<0.07 have
crease in the relative spacing between the Bragg angle of tHeeen observed with Raman spectroscbmuggesting that
alloy and that of G&Vegard’s law. The curves were fitted Cg,, may diffuse to form graphite precipitates.
to the empirical expression given in Ref. 10 describing the To further qualify the material quality of these alloys we

loss of Cgin Ge, —,C, alloys: performed photoluminescen¢BL) experiments on selected
alloy samples. PL was detected from three different struc-
A20(1)  Cqdt) B (E)n ) tures at 2.8 K under excitation from an Ar laser. The dotted
A20(t=0) Cgt=0) - 7 |’ line in Fig. 4 shows the PL spectrum of the epitaxial Ge
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LI L AL B fluctuation, resulting in the formation of the EHD. The shift
B i - of the phonon replicas with the addition of C suggests that
. i the phonon-assisted luminescence is originating from the al-
PL ) :g Ge Epi loy layer. It_is not _clear if the__NP luminescent peak of the
3 A i alloy has shifted with the addition of C. A low energy shoul-
" der was observed on the 740 meV peak of the alloy sample,
Geo.9995Co.0005 but its energy could not be resolved.
In conclusion, we have synthesized pseudomorphic, meta-
R e T IR stable Ge_,C, and Ge_,_,Si,C, alloys and superlattices
068 07 072 074 076 078 08 on Ge(001) substrates, which exhibit high crystalline and
interface quality. The ¢, incorporation mechanism appears
to be thermally activated surface diffusion similar to the in-
Fic. 4. Photoluminescence spectra of epitaxial(@etted ling and pseudo- COI’IDOI’atiOH of Cin Si,yCy alloys on S{001). We present
morphic Gg gee4>0.00050n Ge(solid ling). The high energy peak at 740 meV evidence of photoluminescence from the binary G€, al-
is assngned_to the NP recombination line of Ge. The _aIon layer exh|b|_ts TA|Oy, an important result for optoelectronic studies. For our
and LA a_SS|sted peaks at 730 and 710 meV, respectively, that are shifted be/ " he bi d I )
5 meV with respect to the pure Ge reference sample. omposition range, the binary and ternary alloys are meta
stable, relaxing by the ejection of C from substitutional sites.
This process appears to occur at a rate greater than that of
measured with an excitation density of 7 W/crhumines-  Ge-Si interdiffusion. The activation energy describing the
cence peaks are observed at 740 and 714 meV. Based gste of loss of substitutional C in pseudomorphic
results published for pure Ge}°these are tentatively as- Ge, 49dCo 001 aNd GESj02Co.000s AllOYS is 3.4 and 3.6 eV,
signed to a no-phonofNP) exciton peak and a longitudinal respectively. This implies that the alloys will be stable for
acoustic(LA) phonon replica, respectively. A slight peak is processing temperatures of less than 550 °C.
observed at 735 meV, which may be the transverse acoustic )
(TA) phonon replica of the free exciton. These lines corre- 1he authors acknowledge support for this research by the
spond to the same positioribut not the intensity ratios ARO under Grant Nos. DAAH04-95-1-0625 and AASERT
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