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Diffusion enhanced carbon loss from SiGeC layers due to oxidation
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The effect of annealing 25-nm-thick pseudomorphig,§i£5e, 21Co 0035 layers on silicon substrates in ni-
trogen or oxygen at 850 °C was examined for different silicon cap thicknesses and annealing times by x-ray
diffraction and secondary-ion mass spectrometry. Carbon is found to diffuse rapidly out of the SiGeC layer and
even out of the sample entirely, an effect that is enhanced by oxidation and thin cap layers. All substitutional
carbon can be removed from the sample in some cases, implying negligible formation of silicon-carbon
complexes. Furthermore, it is found that each injected silicon interstitial atom due to oxidation causes the
removal of one additional carbon atom for the SiGeC layer.
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Substitutional carbon incorporation in silicon and SiGeand agreed well with germanium and carbon profiles ob-
has drawn significant attention due to its ability to consumeained by SIMS, indicating that the carbon in the SiGeC
silicon interstitials, which mediate boron diffusidbrHow-  layer compensated the strain as if it was all substitutional,
ever, the potential that the interstitial-carbon product is awithin the uncertainty of the measurement. The strain com-
defect (i.e., B-SiC precipitation or carbon clustéfs may  pensation relationship between germanium and carbon used
limit the usefulness of carbon for diffusion engineering. Pre-was 12:1° As-grown and 960-min nitrogen or oxygen an-
vious studies of carbon thermal stability in SiGeC confirmnealed samples of the 280-nm Si-capped structures were also
that the carbon can precipitate in SiGe€In this report examined for rela_xat|0n in the plane parallel to t_he growth
carbon out-diffusion from thin SiGeC layers is examined andsUrface by scanning around th224) Bragg reflection. No
is found to be the dominant mechanism of carbon loss fofélaxation was observed. N
samples close to the surface, even in the regime of carbon Carbon profiles from samples of the 280-nm silicon-
concentration far above solid solubility or in the presence of@PPed structure annealed in nitrogen ambient for 240 or 960
excess interstitials injected during oxidation. min are overlaid on the as-grown carbon profile, Fita)1

Two test structures with 25-nm-thick Skes3€ 2:Co.0035 The appearance of carbon tails, indicative of carbon out-
layers capped by 50 or 280 nm of silicon were grown by
rapid thermal chemical vapor depositioRTCVD) at tem- 10 R 1 o
peratures between 625 and 750 °C using dichlorosilane, ger- _ AsGrowa_ 850°C, N, As-Grown 850°C, 0,
mane, and methylsilane as the silicon, germanium, and car- g 1o»|
bon sources, respectivelfach test structure was grown on
a p-type CzochralskiCZ) (100 silicon wafer.

Samples of the as-grown and annealed structures were
examined using secondary-ion mass spectromeiivs),
which were sputtered using 1-2-keV C®ns. Depths were it pi o
determln_ed using standard profll_ometry of the sputtered cra- v s IR TRV
ters leading to a 5% uncertainty in depths, a 20% uncertainty Depth [pm] Depth [um]
in_carpon concel_ﬂtrations, and qpproximately a 1-2 9% uncer- () (b)
tainty in germanium concentrations.

All as-grown and annealed samples were examined by F|G. 1. Carbon concentration profiles from samples of the struc-
x-ray diffraction(XRD) using a double-crystal rocking-curve ture with a 280-nm silicon-capped SiGeC layer before and after
geometry around thé004) Bragg reflection. Rocking curves annealing at 850 °C ifg) nitrogen or(b) oxygen ambient for 240—
of as-grown and oxidized samples were fitted by simulation®60 min overlaid on the as-grown carbon profile.
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diffusion, is observed after annealing. Carbon diffusion in 10,
silicon is believed mediated by a combined interstitial kick-
out [Eqg. (1)] and the energetically less favorable Frank-
Turnbull [Eq. (2)] mechanisnd,
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whereCg is a carbon atom in a substitutional siteis the o - ik ]

silicon interstitialC; , is the mobile interstitial carbon defect, b
. o - . (@) (b)
andV is a silicon vacancy. The distinct non-Gaussian broad-

ening of the carbon profiles after nitrogen annealing has been . 2. carbon concentration profile from samples of the struc-
explained as a result of a depleted interstitial concentration ifure with a 50-nm silicon-capped SiGeC layer before and after an-
the carbon-rich region, presumably because the kick-outealing at 850 °C irfa) nitrogen or(b) oxygen ambient for 30—120
mechanism is so rapid that it produces an undersaturation efiin overlaid on the as-grown carbon profile.
interstitials locally. Because the interstitial population is de-
pleted in the carbon region, a “stationary” profile is ob- nium and carbon concentrations are nearly identical. The for-
served surrounded by tails of carbon “kicked-out” by the mation of immobile carbon in the SiGeC layer with a 50-nm
transport-limited diffusion of interstitials from the surround- Si cap is, perhaps, prevented by the rapid carbon out-
ing silicon” The asymmetry of the carbon profiles after an-diffusion to the surface and surrounding silicon compared to
nealing, i.e., lower carbon concentrations on the surface sidgat from the layer with the thicker 280-nm Si cap. Previous
of the SiGeC layer, indicates that there is carbon loss fromeports of carbon precipitation or immobile carbon are typi-
the sample due to carbon diffusion towards and out the surally from much thicker carbon layers in silicon or
face. Previous studies have also reported loss of carbon fro®iGeC?™* In these cases the carbon concentration in the
slightly carbon enriched (8 10'"cm™3) crystalline silicon middle of the layer remains near the as-grown value longer
out the surface after annealing in either oxygen or nitrogerbecause the carbon out-diffusion is predominantly at the
ambient® edges of the layers. Indeed, transmission electron micros-
The rate of carbon loss from the SiGeC layer is enhancedopy (TEM) measurements of thin SiC layers annealed in
by oxidation, Fig. 1b), and the carbon is reduced well below nitrogen for similar times as in this study showed no signs of
the as-grown background concentration<(B0'’cm %) ex-  precipitates. The formation of immobile carbon in the
cept two spikes of immobile carbon after 960 min of oxida-SiGeC layer due to the presence of boron is also possible;
tion located at 300 and 370 nm. The oxide-silicon interface ishowever, the boron concentration throughout all annealing
indicated by the carbon spike located at a depth of 100 nm itimes was less than 10" cm 2 within the SiGeC layer,
this sample. The carbon spike located outside the SiGe@O00 times less than the final immobilized carbon.
layer at 370 nm depth in the as-grown sample, Figa). dnd To quantify the loss of carbon from the SiGeC layer and
1(b), was unintentional and is centered at the same locatiofrom the sample, the total carbon detected by SIMS in the
as a buried 15-nm-wide boron layer with a peak concentraSiGeC layerdqcircles or in all of the samplésquarey after
tion of 4x10"®cm 3, suggesting that boron might promote annealing in either nitrogefsolid symbol$ or oxygen(open
immobile carbon complexing. Because the amount of carbosymbolg is subtracted from the carbon measured in the as-
in these immobile layers is small, their effect on the quanti-grown samples for both structures with Si caps of 50 and 280
fication of carbon loss from the sample and SiGeC layer isym in Figs. 3a) and 3b), respectively. The extra carbon lost
ignored for the rest of the paper. due to oxidation begins to dominate only after longer oxida-
In Fig. 2(a) the carbon concentration profiles of the as-tion times in both samples; however, clearly the carbon loss
grown structure with a 50-nm Si cap and the samples anfrom the 280-nm Si capped SiGeC layer is significantly
nealed for 30 or 120 min in nitrogen ambient are shown. Theslower. The two different rates of oxidation-enhanced carbon
peak carbon concentration is approximately half the asloss, carbon lost after oxidation subtracted from that lost af-
grown concentration after 120 min of annealing without sig-ter annealing in nitrogen, from the 50-nm Si capjeidcles
nificant broadening of the carbon profile implying that car-or 280-nm Si cappetsquaresstructures, is shown in Fig. 4.
bon leaves the SiGeC layer and the sample entirelyClearly, oxidation removes significantly more carbon from
Presumably the primary mechanism of loss is diffusion to thehe 50-nm Si-capped SiGeC layer than from the 280-nm Si-
surface and the carbon tails are obscured by the higher catapped SiGeC layer after the same oxidation time.
bon detection limits (X 10'¥cm™3). The carbon concentra- Oxidation is known to inject interstitials into the silicon
tion profiles after oxidation of 30 to 120 min, Figl®, show  bulk at the surface and the enhanced carbon diffusion and
a more rapid decrease of the carbon concentration, resultingarbon loss from the SiGeC layers after oxidation qualita-
in no detectable carbon in this sample after 120 min of oxitively can be explained by an increase in mobile carbgn, C
dation. due to the injected interstitials. SiGeC layers are reported as
Immobile carbon in the SiGeC layer is observed in thenear-perfect interstitial sinks for all interstitials injected dur-
layers capped with a 280-nm silicon cap but not in the SiGeGng oxidation for layers containing similar atomic composi-
layers capped by 50 nm of silicon although the initial germations as those in this worl. Therefore the additional in-
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FIG. 3. Summary of total carbon lost from the SiGeC layer Csj-I releases the
(circles or the entire samplésquarepof the (a) 50 nm andb) 280 CS+I<‘ interstitial (I)
nm Si-capped layers, after annealing in either oxy¢mwen sym- L s
bolg) or nitrogen(solid symbol ambient at 850 °C. 27 C removed G i
jected interstitials are expected to “kick-out” a similar FIG. 5. Schematic diagram of interstitial recycling.

number of carbon, since all injected interstitials are con-

sumed at the SiGeC layer. , _ . tures(Fig. 4). The Si cap thickness measured with SIMS is
During oxidation the surface concentration of interstitialsgown beside the carbon loss value for each structure.

is constant,' resulting in a linearly decaying interstitial pro- ™ 1,6 calculated number of interstitials injected into the
file f_rom the surface supersaturation concentration t0 apgy Si-capped SiGeC layer is nearly identical to the extra
proximately zero at the SiGeC lay€ri® The interstitial flux

into the silicon during oxidation can therefore be calculatedparbon that diffuse out of the SiGeC layer due to oxidation

as (Fig. 4) after 30- and 60-min annealirithe value for 60 min
was interpolated from the nitrogen data in Figa)3 After
N 120 min the measured oxidation enhancement saturates and
dl Dyl diverges from the calculated interstitial injection because the
J|=—D|&=nsuw, (3)

carbon, by this time, is entirely removed from the SiGeC

) ) ) N _layer. Note: the calculated number of interstitials injected
whereng,is the ratio of the interstitial surface concentration (g|ieg solely on the validity of Eq3), theD,I* product from

. ° > e .
to_t_h? bulk |nterst|t|(;:1l concentrau((jJr:)/(l ),D||| IS thz_#t‘z‘;’ the literature (X 10*cm 1s1),* typical interstitial super-
stitial transport product measured by metal tracer diffusfon, oo ations reported in the literatureg—12.7) % and

ar]ddx |s.the dgpth of the S'.Ge.c Iayer. The total ”“mbef Ofthe depth of the layer. There were no adjustable variables
injected interstitials after oxidation is calculated as the time

integrated flux and is compared to the extra carbon tha%\vallable in this calculation.

leaves the SiGeC layer due to oxidation for the 50-nm Si- Because the intgrstitial injection rate depends invgrsely on
capped(dashed ling and 280-nm Si-cappetiotted struc- th.e. deF’”_‘ of thg SiGeC laygEq. (3,)]’ the number ,Of inter-
stitials injected into the 280-nm Si-capped layer is less than
that into the 50-nm Si-capped layer and therefore the oxida-
tion enhanced carbon diffusion is also smallelg. 4). How-
ever, the number of interstitials injected into 280-nm Si-
capped layer is actually less than the extra carbon removed
2% 1014 é,é' 1 from the SiGeC layer. Assuming carbon diffusion is de-
3z scribed by the reactions in Egél) and (2) one interstitial
,'%\ ~ migrating into the SiGeC layer can be responsible for the

e 4 production of only a single mobile carbon. However, one

i' +280 ] additional interstitial injected at the surface may be respon-
4 283_/'4'5;7 sible for the removal of multiple carbon from the SiGeC
50 /_./-‘7‘%%“‘“ layer, if the mobile c_arbpn that leaves the SiGeC_Igygr de-
w’:&/‘-' e j cays back to a substitutional carbon and an interstitial in the
0 60 120 180 240 300 surrounding silicon near the SiGeC layer. The interstitial is
then free to migrate back to the SiGeC layer and remove a
second carbon from the SiGeC layeee Fig. 5, effectively
FIG. 4. Summary of oxidation-enhanced carbon loss from thd€cycling the interstitial, and therefore increasing the ratio of
SiGeC layer. The difference of carbon lost between oxidation an@Xtra carbon removed to injected interstitials above unity.
nitrogen anneals is shown for the 50-nm Si-capgeictles and ~ The amount of recycling will depend on the carbon layer
280-nm Si-cappetsquareslayers. The number of injected intersti- proximity to the surface, because some mobile carbon will
tial silicon atoms after oxidation is also calculated for the 50-nmescape the sample via the surface removing the interstitial
Si-cappeddashed lingand 280-nm Si-cappe@otted ling layers.  completely from the sample. As is indeed observed,
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the ratio of injected interstitials to removed carbon is nearlyambient at 850 °C. Carbon out-diffusion from the 25-nm-
1:1 for the SiGeC layer closest to the surface and only dithick SiGeC layer is the dominant mechanism of carbon loss
verges to greater than 1:1 for the deeper SiGeC layer. Thom the SiGeC layers with silicon caps 280 nm. Carbon
observed 1:1 ratio also indicates that the carbon does nét found to diffuse out the surface and the carbon diffusion
bind in clusters that can release more than one mobile carbdfP™ the SiGeC layer is enhanced by oxidation. Each in-
for a single injected interstitial, as might be expected if theCted interstitial leads to a mobile carbon, which in turn may
; P leave the sample if close to the surface or may lead to loss of
carbon fo”l‘ge‘j the well known £C; complex identified in multiple carbon from the SiGeC layer through the recycling
other work: o . process if the surface is further away.
Carbon out-diffusion from Qig6{5, 21Co.0035 layers has

been examined after annealing in nitrogen or oxygen This work was supported by ARO and DARPA.
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