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The strain relaxation of pseudomorphic, SGe, layers(x=0.21,...,0.38 was investigated after
low-dose Si ion implantation and annealing. The layers were grown by molecular-beam epitaxy or
chemical vapor deposition on(3D0 or silicon-on-insulator. Strain relaxation of up to 75% of the
initial strain was observed at temperatures as low as 850 ° C after implantation of Si ions with doses
below 2x 10 cm™2. We suggest that the Si implantation generates primarily dislocation loops in
the SiGe layer and in the underlying Si which convert to strain relaxing misfit segments. The
obtained results are comparable to strain relaxation achieved aftemitantation with doses of
1-2x10%* cm™?. © 2004 American Institute of PhysiddOl: 10.1063/1.1765851

Strained Si films grown on strain-relaxed SiGe buffersample quality. It is important to use ions, which require only
layers will soon be applied for advanced microelectronic dea low dose and avoid contamination or unintended doping by
vices since strained Si exhibits significantly enhanced carriethe implanted ions.
mobilities and therefore, yields to transistors with higher  In this work, we have investigated the strain relaxation
transconductance and drive currehfddowever, a key prob- of pseudomorphic $i,Ge, layers induced by low dose Si
lem is the fabrication of thin strain relaxed SiGe buffer lay- ion implantation at room temperature and subsequent anneal-
ers, which serve as virtual substrates for the growth ofld. We also provide a preliminary explanation for the
strained silicon. The standard approach is the growth of seyle€chanism of strain relaxation. The layers were grown by

eral micrometer thick, compositionally graded buffer layers, cheémical - vapor  deposition(CVD) and  solid-source
Recently, it was shown that Fiéon implantation and subse- Molecular-beam-epitaxyMBE) on S(100 and on silicon-

quent thermal annealing can successfully be employed t8n-insulator(SO|) wafers. The samples were characterized

relax the strain of thin pseudomorphic SiGe layer grown orVsing transmission electron microscafEM) at 400 kV in

Si(100).*® The required Heimplantation doses to achieve a JEOL 4000 FX MICTOSCOpE, Ru_therfqrd backscattering
. . . . . spectrometryRBS), and ion channeling with 1.4 MeV He
substantial strain relaxation during the subsequent anneallnlé)ns at a scattering anale of 170°. The initial strain as well as
are in the range of 510 cm? to 2x 10'® cm 2. These gang '

relatively high doses lead to long implantation times andthe. amount of strain relaxation was determined by ion chan-
. . . -~ " "neling angular scans along(a00) plane through th¢100]

limit throughput of wafers in production and form voids in sample at normal and an inclinéti10] direction. In a SiGe
the underlying silicon. Previously it was shown that strainIayer under compressive strain, the angle betweerj1a€]
relaxat!on4 can also be achieved by implantation and = ;4111 directions is smaller than 45° and the angular de-
annealing. However, this method was only successful for;ation can directly be converted into the amount of tetrago-
SiGe layers with Ge concentrations below 25 at. %. Enyg) sirain® We compared these results with high resolution
hanced strain relaxation due to the introduction of point de‘x-ray diffraction data and found consistent agreement within
fects by Gé ion implantation at 400 °C or the implantation 5o, " Details of the technique of strain measurement by ion
of dopants(B, As) was reported, however, without revealing channeling and a comparison to XRD measurements are
the resulting microstructure® The use of ion implantation given in Ref. 5.

for strain relaxation has several advantages: It is easy to use, Figure 1 shows random and00] channeling spectra

is highly reproducible, is area-selective by the use of maskgsolid lineg of a CVD-grown, 180 nm thick §idGe, »; layer
and is fully compatible with existing Si technology. There- on Si{100). Layer thickness and Ge concentration were de-
fore, there is interest in the development of an ion implantatermined by RBS and the use of tRempP simulation codé.
tion method, which allows efficient strain relaxation after The minimum yield of less than 3% indicates a high crystal-
annealing at moderate temperatures while maintaining a higline quality of the SiGe layer. No increase of the ratio of
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FIG. 3. Comparison of Si and He ion implantation for strain relaxation.
Random RBS spectrum of a MBE-grown 100 nm thick g6&, 39 layer on
Si(100 together with g 100]-channeling spectrum of the sample after im-
plantation of 150 keV Siions with a dose of k 10 cm (solid lines.

The dashed line represents the channeling spectrum after annealing at
850 °C for 600 s. The channeling spectrum of a reference sample implanted

. ) ) ) . with 18 keV, 2x 10% He*/cn? instead of Siions is shown for comparison
channeling to random yield is observed at the SiGe/Si interggotted line.

face (channel no. 480 Strain measurements revealed that
the sample is fully strained according to its Ge content. The

dashed line in Fig. 1 represents the channeling spectrum aftgﬁalgd t_hzef lowest t?readingl ‘éis'ocat“’(] densitg/ of 3
implantation of 195 keV Si ions with a dose of 1.5 X 10° cmr™” for a sample annealed at 950 °C. Further opti-

X 101 cm2 and annealing at 850 °C for 600 s in Ar atmo- mization of implantation and annealing conditions is under

sphere. At this energy the Si ions are stopped about 100 ml,ﬁlvestigation. A very small rms surface roughness of 0.45 nm

below the SiGe/Si interface. The significant increase of theVas measured by atomic force microscapfM), which is

channeling yield due to dechanneling at the interface is at§|m|lar to that of He implanted samples. In comparison, the

tributed to the formation of a high density of misfit disloca- _rmsl roughnesg before impla_qtat:on Is typilc::allydo.3 nm. fThf
tions leading to strain relaxation. The angle of 44.893° belMPlantation dose Is a critical issue. For doses o
tween the[100] surface normal and an inclinefil10]

X 10 cm? and 2x 10 cm™ we obtained relaxation de-
S : . ) 9 9 ively: i
direction was determined by channeling angular yield stans9r€es of 17% and 67%, respectively; in the latter case the
For a fully strained SiGe layer, this angle amounts to

sample was of poor crystalline quality, as judged from axial
44.590°. This corresponds to a strain relaxation of 74% o

f;hanneling measurements.
the initial strain. At the same time, no increase of dechannel- SiGe layers with higher Ge content were grown by MBE
ing was observed close to the surface of the SiGe layer i

ey Si(100 and implanted with Siions and annealed. Figure
dicating that the high crystalline quality of the SiGe layer is

3 shows a random RBS spectrum of a 100 nm thick
maintained after relaxation. A cross section TEM micrograp

Sip7G&3 layer on  S{100 together with a
(Fig. 2) exhibits a strong contrast at the interface due to th 100]-channeling spectrum of the sample after implantation
misfit dislocation network. No threading dislocations were

of 150 keV St ions with a dose of X 10" cm? (solid
found by cross-section transmission electron microscop)ljne_s)' Eronouncgd dechannel!ng within th_e SiGe layer is_ an
(XTEM). Additional plan-view (TEM) investigations re- indication of the implantation induced lattice defects, \.N'hICh
extend to a depth of about 100 nm below the SiGe/Si inter-
face. A lower channeling-to-random ratio in Si compared to
SiGe could be attributed to a lower sensitivity to ion beam
damage in Si compared to SiGe. After annealing at 850°C
SiGe for 600 s the heterostructure recovers from the ion damage
indicated by a low backscattering yield of the channeling
spectrum(dashed ling The strong increase of the channel-
ing spectrum at the interfadghannel 529 is attributed to

the formation of misfit dislocations leading to strain relax-
ation. lon channeling angular yield scans revealed a strain
relaxation of 78% of the initial strain. For comparison, the

FIG. 2. The cross section TEM micrograph of the implanted and annealed . . .
sample shown in Fig. 1 exhibits a strong contrast at the interface due to thehanneling spectrum of a reference sample implanted with

misfit dislocation network. 18 keV,2x 10 He" cm™2 instead of Si ions is shown in

FIG. 1. Random and100] channeling spectragsolid liney of a CVD-
grown, 180 nm thick Qi,dG&,; layer on S{100. The dashed line repre-
sents the channeling spectrum after implantation of 195 ké\lo&s with a
dose of 1.5¢ 10" cm2 and annealing at 850°C for 600 s.

Si(100)
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TEM investigations after 100 keV Simplants with a dose
of 2x 10" cm™ and after annealing at 800 °C for 5 min,
comparable to our implantation and annealing conditions,
showed a dense band of bdtBil1} defects and small dislo-
cation loops at a depth of about 200 nm. Upon further an-
nealing, the density of311} defects decreased rapidly and
the loop density increaséd’® We suppose that in our case
these defects glide to the Si/SiGe interface initiating the for-
mation of misfit dislocations, similar to the relaxation model
discussed for the case of tbr He' implantatior]f1 and are,
FIG. 4. XTEM micrograph of 88 nm §i/Gey 33 grown on a SOl wafer ther.e.fore’ n.Ot visible in XTEM 'Mages in _FIgS. 2 and 4. In
after implantation and annealing. Misfit dislocations at the SiGe/Si interfaceaddltlon' point defect clusters within the SiGe layer may fur-
are clearly visible. ther promote strain relaxation of the layer. They may convert
to dislocation loops and form misfit segments at the lower

Fig. 3 (dotted ling after the same anneal. The amount ofinterface. This suggestion is supported by the rather large
dechanneling within the SiGe layer as well as a strain relaxdegree of relaxation of the SiGe layer on §6ig. 4) of 75%
ation of 78% is comparable to the case of Si implantationsince a large fractio60%) of the implanted Si stops in the
However, the He implanted sample shows an additionatinderlying SiQ and will not contribute to the strain relax-
dechanneling peafchannel 48pdue to the cavities formed ation. These aspects deserve further investigations.

at about 100 nm below the interface, which remain after the In summary, we have shown that efficient and healthy
anneaf® strain relaxation of pseudomorphic SiGe/Si heterostructures

Furthermore, we applied Siion implantation on an can be achieved by Sion implantation and annealing. Com-
88 nm thick Sj¢/Ge, 33 layer grown by MBE on a 100 nm pared to strain relaxation by Héon implantationl,O the re-
SOl substrate. The sample was implanted with 150 keV Siquired Si ion doses of 1-210* cm? are two orders of
ions with a dose of X 10** ¢cm2 and annealed at 850 °C for magnitude smaller, therefore allowing high wafer through-
600 s. Channeling investigations indicated, similar to Fig. 3put. Threading dislocation densities as low as BY cm 2
more damage in the SiGe layer than in the underlyingvere achieved. We suggest that strain relaxation is induced
100 nm thick Si layer after implantationot shown. The by dislocation loops formed in the underlying Si and by de-
crystal lattice recovered after annealing nearly to the asfect clusters in the SiGe layer. The process works likewise
grown quality as proved by channelingot shown. The  both with CVD and MBE grown SiGe layers and on SOl
XTEM micrograph of Fig. 4 shows a clear contrast due tosypstrate wafers as well.
the strain relaxing misfit dislocations at the Si/SiGe interface
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