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Interstitial-carbon defects in Si;_,Ge,
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The interstial-carbon (§ defect in molecular-beam epitaxy grown, strain relareat p-type Si_,Ge, for
0=<x=0.50 has been created by 2-MeV proton or electron irradiations, and studied by deep-level transient
spectroscopy op ™ n- andn® p-mesa diodes. The energy difference between the shallow acceptor and donor
levels of the Gdefect remains at a constant value of 0.8 eV as the Ge content is varied. The migration enthalpy
of C; is independent of composition in the composition range)3<0.15. The observed increased stability of
the G defect with increasing is the result of a decrease in the entropy of the process.
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The interstitial-carbon defect;n strain-relaxed, epitax- position range of thg-type material tax=0.50 in order to
ial Si;_,Ge_ layers is a fascinating defect as it introduces anmake possible a more precise comparison between the move-
acceptor level near the conduction band and a donor levehents of the two Clevels as a function of the alloy compo-
near the valence band, both levels being rather shallowgition. In addition, we provide for the first time, a quantita-
Thus, the system enables one for the first time to study théve analysis of the annealing kinetics of the @efect in
behavior of different charge states of an interstitial-type den-type Sb.9sG& os and ShgsGey 15 o
fect when the band structure changes with composition. An  Then- andp-type Si_,Ge, layers were grown in similar
obvious question to raise, partly motivating the present inWays by molecular-beam epitax§¥BE) on (001) Si sub-
vestigation, is whether the energy difference between the twrates using the compositional grading technique, as de-
levels (the so-called Hubbard enerdy) and, hence, the de- SCriPed elsewhereWe have previously demonstrated that
gree of lattice relaxation accompanying the capture of thdMiS téchnique is capable of producing high-quality SGe

e electron, i ndependent of compositon. e o el pical, and slecta
The G defect, created in strain-relaxed; SiGe, layers : 9

A ) ._samples is relatively high, in the range of'1910¥cm 3,
by 2-MeV proton I|rrad||at|on§, has previously been S]EUd'edZs determined by secondary-ion-mass spectronigiys).
by us using deep-level transient spectroscTS) (Refs.  hareas the oxygen concentration is below the SIMS detec-
1, 2. In n-type Si_,Ge the (—/0)-acceptor level was fol- 4 jimit of ~1x 107 cm™3 (oxygen related defects, such as
lowed as a function ok in the range 0.05x<0.50(Ref. 2, vy, and GO, are always found at concentrations smaller
whereas inp-type Si_,Ge, the (0/+)-donor level was fol- - than in commercial floating-zon&z) samples, demonstrat-
lowed in the range &x=0.15 (Ref. 1. The acceptor level ing that the actual O concentration is probably below
was found to move deeper into the band gap with increasing- 10!°cm3). The strain-relaxed $i,Ge, layers were 4um
X, while the donor level was found to become gradually morethick, doped with either Sb to concentrations between 2
shallow, and no pinning to any of the band edges was obx 10> and 5<10cm 2 (the n-type layer$ or with B to
served. However, im-type Si_,Geg, the energy difference concentrations between>3L0* and 10<10®cm™3 (the
between the acceptor level of @nd the acceptor level of p-type layers. On top of these layers, 0&m-thick layers
CiCs was observed to be independent>ofThis could be doped to high concentrations-6x 101°cm %) of either B
understood with reference to the similar core structure of théon the n-type layerg or Sb (on the p-type layerg were
two defects, in which the trapped electron resides primarilygrown. Thep™ n- andn* p-mesa diodes were then fabricated
in the nonbondingp orbital of the similar interstitial Si atom using photolithographic techniques. Irradiations were per-
involved in the two defects. formed with either 2-MeV electrons or 2-MeV protons to

The annealing of G which takes place by the migration doses of X 10 ™ to 4X10%cm™2 or 3X10Y% to 5
of C; and subsequent pairing with impurities, was studied inx 10'2cm™2, respectively. Electrons of this energy pass
n-type materia. where a strong dependence on the compothrough the diodes, whereas the protons stop at a depth of
sition was observed. Whereag &neals in pure Si during a ~50 um that is far beyond the investigated zone of a few
15-min heat treatment at a temperature of 320 K, a temperamicrometer from the top of the diode. The diodes were irra-
ture above 500 K is needed inygiGey 5o This is a chal- diated and kept at room temperature prior to measurement
lenging observation as it might reflect a retarded diffusion ofexcept for the diodes of small which were irradiated and
C; in Si;_,Ge, with increasingx, similar to what has been kept at 270 K until they were subjected to measurement. The
observed, but not yet clarified, for high-temperature diffusionstorage at 270 K was used in order to impede the transfor-
of B in Si;_,Geg, for x<0.50 (Ref. 3, which is also an mation of the ¢ defect into GC,, which is known to take
interstitially-mediated diffusef. place at a temperature only slightly above room temperature
In the present investigation, we have extended the comfor small x values.
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ionization enthalpies\H, of the donor level has been con-
verted toAH,, the electron-ionization enthalpy relative to
the conduction-band edge, by using the simple conservation
law AH,+AH,=AH,,, where AH,, is the band-gap en-
thalpy. In agreement with van de Walle and Maftiwe as-
sume that the reduction of the band gap is entirely reflected
in the valence-band shift and, thus, the band-gap enthalpy

3
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AHy(x,T) is given by'°
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AH (X, T)=1.17+ aBT?(B+T)2—0.4%+0.206?[ eV],
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FIG. 1. DLTS-temperature scan of electron irradiated

Sip85& 16N " p diode, recorded using a repetition rate of 250 Hz. where a=4.9x 10 *(eV/K) and B=655K (Ref. 11). The
The “DLTS finger prints” of the two lines ardAH,=0.16 eV, o band-gap enthalpy of Fig. 2 has been calculated for a tem-
=2x10"cn? and AH,=0.46eV, o.=1x10"cn?, mentioned perature of 100 K; this is a reasonable compromise consid-
according to increasing temperature in the spectrum. ering the temperature positions of the DLTS peaks for both
: . the acceptor and donor states.
A representative DLTS spectrum offatype Shs/G& .1 It appears from Fig. 2 that neither the acceptor nor the

diode after electron irradiation to a dose ok 20*cm 2 is q level inned t the band od h
shown in Fig. 1. It was already demonstrated in Ref. 1 for,[hOnor evess atre plnnet t;):ngbo é € band € ges,t_ owivoeg
x=0.05 and 0.15 that the line labeledCVY" in the spec- ey remain at & cons.ant bubhard-ensrgy separation o -

: . ! eV from each other while the composition is varied. It also
trum (Iabeleql lineH,+H, in Ref. 1) is compqsed of E‘f’o emerges from Fig. 2 that the donor level of d@isappears
lines, emerging from the donor level of th&dwa@r\[& from the band gap fox>0.40 and becomes a level in the
and the donor level of interstitial carbo@;" " . It is very  yajence band.
fortunate thaC?" anneals at a lower temperature than does |t was reported in Ref. 2, that the anneal temperature of
Vg’+ for all compositions belowk=0.50 (Ref. 7), and that the G defect in ann-type Si_,Gg, alloy was strongly de-
the intensity of thevg’+ line is always much smaller than pendent on the Ge content of the all@ie anneal tempera-
that of theCf”+ line. Thus, before annealing, the “DLTS ture of a defect was defined in Ref. 2 as the temperature in a
finger prints”(ionization enthalpy and apparent capture crossl5-min isochronal-anneal sequence at which the intensity of
section of the Y +V9* line are those of th€”" defect the corresponding DLTS decreases by a factor)ofir2 the
and after annealing of th@?’* defect they are those of the Present investigation, isochronal-annealing experiments of
VY* defect. The line labeled “unknown,” which is of no the G defect have been carried out for a few selegteyipe
concern in this work, seemingly involves the complex Ge-Si-xG& alloys(x=0.05, 0.15, and 0.37concordant values
V-B documented by the observed variation with irradiationWith the n-type alloys were found. This is not surprising, as
dose, Ge composition, and B concentration. the G defect in both the- andn-type alloys is in the neutral

The electron-ionization enthalpiésH , of the two charge charge state, and the re_sults of the present experiments are,
statesC?* and C;° are reported in Fig. 2. The hole- thus, merely a confirmation of the results of Ref. 2.
i i . 2.

We have, on the other hand, looked into thea@nealing

o kinetics in some detail in the present investigation. This has
T been done for the two differenttype alloys Sj <Ge&y o5 and
0'2: ¢’ y Siy.gG&y 15 after 2-MeV electron irradiations. It was demon-
04k ) strated in Ref. 2 forn-type SiGe, and confirmed in the
s L ] present investigation fop-type SiGe, that the anneal tem-
2 ok _ perature of the Cdefect increases from 50 to 125°C in go-
Ej L . ing from Sp o:Gey o5 t0 Sy g=G&,) 15 Because the Cdefect
0.8f oo 1 anneals by migration to a substitutional carbon impurity C
IR o~y 1 thus, forming the more stable G, it was suggested that the
1or v i migration energy of Cincreases in going from §i:Ge, g5to
- Mov(T=100009 ] Siy.s£5& 15 Quantitative information about the annealing ki-
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netics can be obtained from isothermal-anneal experiments
carried out at different temperatures. An example is given in
Fig. 3 for a Sj o:G&) o5 diode showing the Cconcentration

FIG. 2. lonization enthalpies as a function of the Ge contenit - .
the Si_,Ge, epitaxial layers for the C° defect(O) from Ref. 2 [Ci], the GCs concentration[CiCs], and their sum[C;]

and the ¢ defect(V¥, @) from the present investigatiof¥) and +[CiCgl, as a function of anneal time at an anneal tempera-
from Ref. 1(@). The uncertainties of the ionization enthalpies areture of 325 K. A numerical fit to the data shows that the
similar to the size of the markers. In agreement with Ref. 9, thechanges in bothC;] and[ C;Cg] follow pure exponentials of
energy of the conduction band is assumed to be constant in th&e form Aexp(—t/7), where 1# is the temperature-
investigated composition range. The lines are linear fits to the datdependent rate constafihe rate constant includes both the
points to guide the eye. rate of migration and the rate of,Cs formation (Ref. 12.
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x10™ «E 4 ' ' ‘ sume that the same is the case fory3b& o5 and
) ECi]+fCiCSJ' Sio 85 15 Thus, out of these_ experiments emerges the in-
3l | teresting result that the migration enthalpy ofiCSi; _,Ge,
is independent ok in the range G=x=<0.15. The observed
[CiCsl increased stability of the @efect with increasing is, there-
1 fore, clearly a result of a decreasing frequency factor with

increasingx.

To understand the ultimate cause of this increased stabil-
ity, it is worth expressing the annealing rate according to its
thermodynamic definition,

(c
-
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<
-
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1/r= "1/ ex AS,, /K)exp(— AH ,/KT) 2

W
FIG. 3. Results from an isothermal-annealing experiment of a

Sip.osG& 05 p "N diode at a temperature of 325 K. The solid curves Urgo=4mX RXNX 1%X vy X[ Cq]. ®)
are exponential fits to the experimental data.

In EqQ. (3) Ris the capture radiug, is the number of possible
From the analysis of the data of Fig. 3, it appears that the ratilmp directions that is not affected in the present case as the
constant for the annealing of C1/r;, and the rate constant Structure of the alloy remains diamondlikejs the jump
for the ingrowth of GCg, 1/7,, are identical, #,=1/r,  length, and, is the attempt-to-escape frequency. The prod-
=1/7, and that the suniC,]+[CCs] is constant during Uuct l/roexpAS,/K) represents the frequency factorrd/
the whole isothermal-annealing sequence and in the entif@entioned above. Song and Watkihand Song, Benson,
temperature range, demonstrating a one to one conversiofnd Watkins® have reported frequency factors for pure sili-
Thus, we may conclude, that7lis the rate constant of con (x=0) of 1/rp=2x10% and 5<10’s™", respectively,
the reaction G- Cs—C,Cs, and that G is the only G trap  thus, a factor of 2-10 larger than the value found for
in these samples. The temperature-dependent rate constafiso:Ge.0s Song and Watkirié were using Si samples of a
were subsequently fitted to the expressionr=i{1/z) somewhat larger Cconcentration than used in the present
X exp(—AH,/KT), where 1#, is the frequency factor and investigation(about a factor of 10 Thus, as expected from

AH, is the activation enthalpy characteristic of the annealingh€ equations above, the factor 2—-10 can easily be explained.
process? We found for the two Ge compositions: However, while in the present experiments the substitutional

carbon concentration is constant within 20% throughout the
Sip oG s AH,=0.76:0.03 eV; 1h,=2X10 s 1, Ge-composition rang¥, a reduction of the frequency factor

of about a factor of 30 in going from §Ge) g5 t0

; . _ . . _ ~1 Siy. 15 cannot be explained as an effect of a change in

SbeGeis AH.=075:003 eV; 1h=6x10 s >0 "éﬁ?ﬁé‘z annot be exp 9
This is to the best of our knowledge, the first time these A variety of mechanisms can, in principle, account for the
parameters are reported for any defect in_9Be,. It is  Observed rate-limited process. Among them, the charge-state
evident that the activation enthalpies are identical foreffects can be excluded in the carbon case because Song,
Sig 0558 o5 and Sj g5y 15 and that the observed difference Benson, and Watkirt§ carried out annealings both under
in annealing temperature is a result of different frequencyzero and reverse-bias conditions and no significant difference
factors. The above values are lower than those published Byas observed while two clearly different charge ste@s
Tipping and Newmal? who found 0.87 eV. This discrepancy andC;" were probed. The capture radiBsis controlled by
may find its origin in the finding by those authors of an short-range elastic interactions, and seems unlikely to play a
intermediate electrically inactive state in the process of forsignificant role. The alloying, however, will affect in a subtle
mation of GC,, which clearly does not follow a pure expo- manner the produdfxuv,. The diffusion jump lengtH is
nential behavior, in contradiction with the present case. Oumcreased due to the expansion of the lattice of the alloy,
values match nicely, however, those of Song and Watkins leading, thus, to a very slight increase of the frequency fac-
who have studied the ;Gefect in pure Si using electron tor, which is opposite to the observation. On the other hand,
paramagnetic resonan¢EPR and DLTS; they found that the alloy attempt-to-escape frequengy decreases when
the reorientation energy barrtérof the G defect as deter- mixing Ge and Si, as can be estimated from the Vegard’s law
mined by EPR is 0.77 eV and, thus, within the experimentafor the distribution of the alloy Debye frequency between
uncertainty equal to the activation enthalpy of annealing othose of Si and Ge. But, such a decrease is by far insufficient
0.73 eV as they determined by DLT®ef. 14. This obser- to account for the observation.
vation has the important implication that the energy barrier We are, thus, left to consider the migration entrap$,,
for the formation of the Cg defect is negligible, otherwise susceptible to significantly affect the frequency prefactor of
the activation enthalpy of annealing would be larger than théeq. (2). In our caseAS,,(x) must be a decreasing function
reorientation energy barrier. Hence, we may conclude thadf x. Possibly, the number of pathways for the diffusing spe-
the observed activation enthal@yH, of annealing in pure Si  cies G is being reduced with increasing Ge content. Such a
is the migration enthalpAH,, of the G defect, and we as- phenomenon could reflect that the defect migrates via a
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Si-based migration path in the SiGe alloy and, hence, that getarded Cdiffusion might be generalized to explain also the
migration path that involves Ge atoms has a larger energyetarded B diffusion in SiGe alloys presenting thus, an alter-
barrier for diffusion and, consequently, is avoided. The connative to the assumed B-Ge pairing.
cordance ofAH,, found in the present work with the reori- In conclusion, these studies have demonstrated that nei-
entation barrier measured by ERPRef. 149, which is a local ther the acceptor nor the donor levels of thedefect are
atomic process, is in favor of dynamic paths involving Sipinned to any of the band edges when the composition of the
atoms only. The fact that the entropy of an activated procesSi—xGg are varied, however, they remain at an energy of
plays the key role in a disordered material, has also beef.8 eV separation from each other, independent of composi-
found very recently by us in the case of the monovacancy ition. The migration enthalpy of@s found to be independent
Si,_,Ge, and noticed in the ternary alloy ZpSe _, (Ref. of composition in .the investigated composition rang.igk)
19). s_0.1'5. The 'exp('arlmentallly observed mcreaseq stability;of C
As mentioned previously, the high-temperature diffusionWith increasingcis exclusively due to a dramatic decrease of

of boron in Sj_,Ge, is also found to retard with increasing tt:e enrt]ropy of r_nigratit?ln. Tgis effedct is Slag%esée?j_:ro explain
X up to x=0.50 similar to what we observe for; CThe also the experimentally observed retarde fuston in

diffusion of boron in silicon is also mediated by an SiGe alloys. Thus, this investigation demonstrates that the

interstitial-type mechanism. A preferential pairing between agntropy is a crucial parameter when discussing dynamic ef-

substitutional B atom and a substitutional Ge atom renderindF¢tS " disordered materials.

the B atom partly immobile has been put forward to explain  Thanks are due to John Lundsgaard Hansen for the MBE
the retardatiort® Hoffmann et al?® have demonstrated by growths and to Pia Bomholt for the preparation of the diodes.
infrared absorption experiments that a substitutional carboihis work was supported by the Danish National Scientific

atom in strain relaxed $i,Ge, of x<0.50 prefers a configu- Research Council, and the EEC-TMR European Network on
ration with four Si neighbors. Thus, for; @ pairing with Ge  Defects Engineering of Advanced Semiconductor Devices
atoms is excluded. Hence, the above suggestions about tfi€ontract No. ERBFMRXCT 980208
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