{311} defect evolution in ion-implanted, relaxed Si  ;_,Ge,
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Si-implanted, unstrained Si,Ge, layers of various Ge concentrations ranging from 0% to 50%
were grown by molecular beam epitaxy on top of a Si substrate. The samples were subjected to a
750°C anneal for 180 min to explore the subsequent defect structure. Plan-view transmission
electron microscopy was implemented to investigate the evolution of defects. Th&8i samples

with <5% Ge exhibif311} defect formation and dissolution, and these defects ripen throughout the
course of the anneal. Increasing the Ge content has an adverse effect on the g{@ithaéfects.

The samples with Ge contents25% demonstrated only dislocation loop formation. Dislocation
loop formation and the observed impedancd3ifl; defect growth is facilitated by increasing the

Ge content due to the weak bonding associated with the Ge atom200@ American Vacuum
Society. [DOI: 10.1116/1.1619423

[. INTRODUCTION excess interstitials present after Si implantation and anneal-
ing.
Heterostructures via §i,Ge, alloys are attractive to the ?
semlcon_ductor_ mdustry an_d r_1ave been utlllzgd in _countIeSﬁ. EXPERIMENTAL DESIGN
electronic device applicatiohs’ due to the simplicity of
band gap engineerifignd the Hume-Rothery agreement be- Relaxed Sj_,Ge, wafers were grown by molecular beam
tween Si and Ge. Hence a great deal of scientific attentiofPitaxy. Investigated Ge contents were 0%, 2%, 5%, 25%,
has been concentrated in understanding the physical natup@d 50%. The pure Si sample was grown by the “bottle-
of these alloys. neck” method to getter contaminants from the epitaxially
lon implantation is the most effective method of doping Si9rown top layer. Ge was incorporated into the other samples
for semiconductor device applications due to its precise doséSing @ compositionally graded buffer layer. At an increasing
and directional control. Annealing is necessary to correct th&at€ of 10% Geim and high growth temperatures around

implantation damage and activate the dopants. During thé20—800°C, the relaxed alloys were grown. The samples

. . 5 73 .
anneal, the displaced ions may undergo transient enhancdfth Ge were also lightly doped (510"°cm?) with Sb.

diffusion (TED) resulting from the movement of excess in- The top'layers of constant composition ranged between 3 and
terstitials residing in the damaged regibbepending on im- 1X;L1n(1)14|n Ehzlckness. Thﬁ_ _samg!es ulndetzrwerg t?] 40thkeV,
plant and annealing condition811} defects and dislocation cm ° nhonamorphizing i impiant, -an en they
loops may form near the projected range of the implantwere thinned for plan-view transmission electron microscopy
S . . (PTEM). A N, tube furnace tube was utilized to anneal the
where supersaturation is the higfestlue to the motion of o T :
. o : . . .samples for 3 h at 750 °C in distinct intervals. PTEM using a
these interstitials. Discernible by transmission electron MiSEAL 200CX microscone was conducted under weak beam
croscopy(TEM), the “rod-like” {311} defects are a mono- P '

layer of hexagonal interstitials based in t§811 habit dark-field @z,q) imaging conditions. Loop densi§G11 de-

. fect density, and311} defect size were measured to deter-
planes Upon annealing, thes{811} defects are known to mine the relationship between defect evolution and Ge con-

act as a sink for interstitials and coarseln. the latter stages tent

of the anneal, th¢311} defects will unfault, form dislocation '

loops, and then release the interstitials that lead to TE&H.

Following the use of Si-implanted Si to monitor the diffusion . RESULTS

behavior resulting from the excess self-interstitidlSEM To highlight the dissimilarity in resulting defect structure

experiments were conducted to observe the consequential dgem the various Ge concentrations, the work has been di-

fect structure using similar methodolod§:**conversely, the  vided into two regimes: the low Ge concentration samples

defect morphology of ion-implanted Si,Ge, alloys re-  (pure Si, SiodG&) s, and Sj o<Ge, o9 and the high Ge con-

mains unclear. Defect analysis of ion irradiated, relaxectentration samples (§jGeyss and SpsdGeys. Within

Si;—,Ge, alloys will supply valuable knowledge about the 20—30 min, distinc{311} defects begin to form in the low

behavior and migration of dopants in;SjGe,. This article  Ge concentrated samples. Figurdg)21(d) PTEM images

will investigate the subsequent defect structure caused by thef the defect morphology resulting from a 750 °C anneal of
Si-implanted §j odG&, o, illustrate this trend. At 30 min,

dElectronic mail: rcros@mse.ufl.edu {311} defects are evident with a few dislocation loops. Fif-

468 J. Vac. Sci. Technol. B 22 (1), Jan/Feb 2004 1071-1023/2004/22(1)/468/3/$19.00 ©2004 American Vacuum Society 468



469 Crosby et al.: {311} defect evolution 469

Fic. 1. PTEM images of 40 keV,
1x10%cm™2 Si implant into relaxed
Sio.odG€.02[(8) 30 min, (b) 45 min, (c)
60 min, and (d) 120 min and
Sio. 76525 [(€) 30 min, (f) 45 min, (g)
60 min, and(h) 120 min] annealed at
750 °C.

teen min later, thg311} defects have increased in number. Dislocation loops are known to follow from the decom-
From 30 to 60 min, thé311} defects have grown in size and position of {311 defects’ These findings suggest that in-
decreased in number. As time progresses even further, treweasing Ge content of Si,Ge, alloys seems to encourage
number of {311} defects continues to decrease while thedislocation loop formation. Adding Ge to the alloy either
number of dislocation loops increases. Small stacking faultaccelerates the unfaulting ¢811 defects or the excess in-
are also seen after 120 min of annealing, but are no longer

visible in micrographs following 120 min.

Figures 1e)-1(h) show the defect evolution of 10" 60
Sip.76G6.05. At 30 min, apparent dislocation loops form. At 2
45 min, the size of the dislocation loops appears to increase & =
and then decrease at 60 and 120 min. The micrographs reveal 8% 40 %
that the size of the loops changes; however, the density of ‘gél 5
dislocation loops appears to remain the same throughout the ‘g 2
anneal. Another figure to note is that only dislocation loops
are observed in the high Ge content regime samples. o’

The ripening of{311 defects for the low Ge content re- 1000 104
gime samples is indicated by FiggaP-2(c). Coarsening of Time (sec)

{311} defects is highly dependent upon Ge content. The den- 1ot 60
sity of {311} defects decreases over time while the size in- ]
creases for all alloys. Figures(&@ and 3b) illustrate the > 50
{311} defect density and size for all of the low Ge regime [ »
alloys, respectively. The rate at which the density{®f1} %‘E 1oL 3 ° E
defects decays seems to be fairly independent of Ge concen- g A 30 3
tration. Conversely, Ge concentration seems to have a pro- ‘g =
found effect on the size of the defects. Approximately at 45 20
min, the{311} defects in all samples grow to about 13 nm for " ' 1
all samples. By 120 min, th{811} defects are longegt-55 1000 Time (sec) v
nm) for pure Si and shortegt-18 nm for the Sj oGy os.

Ripening of{311} defects is thus hindered by Ge incorpora- 1o — 60
tion. ]

The dislocation loop density of the high Ge content re- %’ C 1%
gime samples is specified in Fig. 4. For these samples, no  §&~ Ja 2
{311} defects were detected; only dislocation loops evolved. ; Evovf %
Dislocation loops decomposed faster in thg g6, 5o alloy e~ 1% 3
therefore exhibiting a more distinct dissolution of these de- & 20
fects. At about 120 min, stacking faults were detected in the

Siy5d5&) 50 alloy as well. Dislocation loop formation appears 10° - 10
to stabilize in the $i,<Ge, 5 alloy. Nevertheless, it is in- Time (sec)

triguing that increasing. Ge content favors loop formationgg, 2. {311 defect density and size of the low Ge regime allo@,pure
over{311} defect formation. Si, (b) Sip 93 02, and(c) Sip ¢Gey o5, annealed at 750 °C.
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Fic. 3. () {311 defect density andb) {311} defect size of the low Ge

regime alloys annealed at 750 °C.

terstitials precipitate immediately into dislocation loops thu
skipping {311} defect formation altogether. Increasing Ge
concentration also impedes the ensuing ripenin{8af} de-

470

(~1 eV/bond associated with the covalent bonding of Si
supports the formation of thg811} defect® Adding larger,
less rigid Ge atoms to the alloy lowers the overall bond en-
ergy and may generate strain in the system that would en-
courage the formation of dislocation loops instead 31}
defects.

IV. DISCUSSION

In summary, the defect morphology of Si-implanted re-
laxed Sj_,Ge, alloys depends on Ge concentration. With
the pure Si, SigGe o2, and ShoGe o5 alloys, distinct
{311 defects are observed within 30 min of annealing. The
coarsening of thd311} defects is hindered with increasing
Ge content. The density dB11} defects seems to decay
independently of Ge content. For the intermediate Ge con-
centrated alloy 3i-:Gey s, dislocation loops appear rela-
tively stable. When Ge content is increased to 50%, the dis-
location loops become unstable.
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