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Crosshatching on a SiGe film grown on a §001) substrate studied by Raman mapping
and atomic force microscopy
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The morphology, stress, and composition distributions of the crosshatch pattern on a SiGe film grown on a
Si(001) substrate using a low-temperature Si buffer are studied by atomic force and Raman microscopies.
Crosshatching is not related to composition fluctuation regardless of the stress undulation associated with strain
relaxation in the SiGe film. The crosshatch morphology arises from vertical lattice relaxation induced by
piled-up misfit dislocations in the Si buffer layer and substrate. A model for crosshatch formation is proposed.
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The growth of mismatched semiconductor materials suclthe intersection of the epilayer surface and the misfit-
as SiGe/Si and InGAl)As/GaAs has been the subject of dislocation glide plane, and is a result of plastic shear
extensive experimental and theoretical studies over pastisplacements: >’ The two mechanisms are in fact not
decades; 2 driven by the potential of creating novel electri- mutually exclusive’! In this paper, we report the results of a
cal and optical devices as well as integrating existing devicesombined AFM and micro-Raman mapping study of the
with different materials. One of the most important issues iscrosshatch pattern, and establish the relation between com-
to grow a defect-filtering buffer with low density of disloca- position and strain distribution. We propose a model that
tions between the overlying device structure and theeliminates the major problems of previous models.
substraté:® The formation of defectsdislocation$ associ- Our sample was grown on a(801) substrate in a VG
ated with strain relaxation in the buffer layer is the major Semicon V80S molecular beam epitayIBE) system. A
factor that deteriorates device performances. Attempts t60-nm low-temperature SLT-Si) layer was first grown at
eliminate such defects have led to the development of severdD0 °C8° followed by a 500-nm-thick $i,<Ge, ,5 epilayer
novel growth methods. Among these, the compositionaht 550 °C. A growth rate of 0.1 nm/s was used for both Si and
grading"®’ and low-temperature buffér'® techniques are SiGe layers. Raman spectra were measured with a Renishaw
the two most successful, leading to reductions in the densitf000 Raman microscope at room temperature, using the
of threading dislocations by 4-5 orders of the magnitude. 514.5-nm line of an Af laser. A 180° backscattering geom-

However, irrespective of the methods used, strain relaxetry was employed with a spectrum resolution of 27¢m
ation always results in an undulated surface morphotbdy, The spatial resolution in the andy directions is about L
referred to as a “crosshatch” pattern, as well known form. The beam size of the laser is about At for Raman
nearly 30 years® The crosshatch is characteristic of the low spectroscopy and Lm for Raman microscopy. In order to
misfit regime(lattice mismatch less than 2%nd so far has examine the dependence of crosshatch morphology on epil-
been observed in almost all heterostructures studied, includzyer thickness, a special chemical mechanical polishing pro-
ing SiGe/Si, InGaAs/GaAs, AlGaAs/GaAs, InGaP/GaAs,cedure was used to remove certain layers of the film.
and InGaP/GaP, as long as the dislocation density in the re- The typical surface morphology of the samples measured
laxed film is reduced to T68-1° cm 2. Such crosshatch- by ex situAFM is shown in Fig. 1a). The crosshatching
related surface roughening can affect carrier mobility and thalong the twg(110 directions due to the formation of under-
quality of quantum structures grown on such surfaces. It idying misfit dislocations is immediately evident. Surface
not compatible with planar integrated circuit technologies,roughness is mainly due to the crosshatch undulation, and its
the major driver for applications. To eliminate the defects itaverage amplitude is approximately 6 nm, as determined by
is therefore very important to understand their structure andampling an area of 5050 um?. The crosshatch lines in
origin. Fig. 1(a) are straight and long, which indicates long misfit

Surface morphology evolution during strain relaxationdislocations and presumably few threading dislocatfons.
and the mechanism by which dislocations give rise to crossFigure ib) shows the surface morphology for the sample
hatching have been studied mainly by atomic force microsafter 200-nm-thick epilayer was removed and the crosshatch-
copy (AFM) and transmission electron microscohyEM), ing pattern still exists.
and basically two types of modes have been Shown in Fig. 2 is the Raman spectrum of the sample. In
proposed>*214=n the first model, the formation of cross- addition to the high-energy line at the phonon frequency of
hatch patterns is caused by surface diffusion during growth-520.5 cm* for the Si substrate, the spectrum exhibits three
in response to the inhomogeneous strain fields arising fromdistinct peaks located at 290.1, 408.4, and 511.6 ‘grre-
the network of misfit dislocations:'*®The second model spectively. These peaks are interpreted in terms of atomic
suggests that crosshatching results from the surface steps\dbrations involving Ge-Ge, Si-Ge, and Si-Si bonds in the
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FIG. 2. Raman spectrum from SiGe film of Fig. 1. The addi-
tional features between the Si-Ge and Si-Si peaks is attributed to
motion of Si atoms in specific local environments.

+0.003 and straire = —0.001, which indicates 92% stress
relaxation. The residual strain measured by our Raman spec-
troscopy is in good agreement with that of the x-ray diffrac-
tion measurement by Lét al1°
Shown in Fig. 3 are the Raman images of TO-phonon
FIG. 1. (a) AFM image of the SiGe film grown on a LT-Si buffer  ghift<?3 for the SiSi bonds from the substrdfeig. 3a)] and
on a Si substrate. Crosshatches on the SiQe surface with an averagg the SiSi[Fig. 3(b)] and SiGeFig. 3(c)] bonds from the
depth of about 6 nm are observet) AFM image for the sample  giGe epilayer taken in the same spatial region. Cross stripes
after 200-nm-thick was removed. can be observed in these images. In comparison with the

film, respectively:®-2*As the relative intensities and energies AFM image, we confirm that this type of cross striping cor-
' : AR responds to the crosshatching of the SiGe film.
of the Ge-Ge, Si-Ge, and Si-Si vibrations are dependent ofe b 9

: S ) ' We next calculate the changes of strain and composition
the relative number and the strzz;un-mduced distortion of COusing Eqs{(1)—(3). The results are shown in Fig. 4. Surpris-

. - — 1 B . . .
responding bonds in the alld§,* we use the spectrum to ingly, no matter how inhomogeneous the surface topography,

determine the alloy g(l)mposition and strain basgzzd on th ere is no observable change in compositidhe Ge is
gnetho% by 'Ir;sagget al.d and later by Grqgneaga_l. ::or basically distributed uniformly in the epilayess we clearly
X< 5f :] € cepen encesdon comp%smoanf IN-plan€ — see in Fig. 4b). The bright and dark spots that provide the
stralgs of the SiSi, SiGe, and GeGe phonon freqUENGes  ;oqtest contrast variation in the image correspond to two
can be written as threading dislocations terminated at the surface. In contrast,
_ the strain in the epilayer follows the undulation of the cross-
isi=520.5-62x— 815, 1 . S
vsisi @ hatch pattern and varies significantly from0.0075 to

- —0.0015 with its lowest value in the crosshatched region
ice=400.5+14.%— 575, 2 . . .
vsice @ where the strain relaxation is most complgfég. 4(c)]. In
©ece 282.5+ 16x— 385 3) the case of the substrafEig. 4(a)], the strain changes sign

and varies from—0.00072 to 0.00072, which indicates that
Using the experimental values for the phonon frequenciesome regions are compressively strained as well. It is not
measured in Fig. 2, we obtain a compositiar-0.244  difficult to understand this result if we reverse the epitaxy
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FIG. 3. Raman mapping of TO phonon shifts for the Si-Si bonds FIG. 4. Distributions of the strain in the Si substréeand Ge
of the substratéa), the Si-Si bonds of the filntb); and the Si-Ge  composition(b) and strain(c) in the film.
bonds (c) of the SiGe film. The contrast variation of the image
indicates the TO phonon shifts. b (1—2v) cosf .

Up=5—| — 5~>——cosfInr— ————6sind|,

relationship—the Si substrates were “epitaxially grown” on 2w 2(1-v) 4(1-v)
the SiGe. The Si “film” with smaller lattice constant will be . . . .
tensily strained. Due to the formation and gliding of the mis-'" which »=0.3 is the_ Ffosslon constant, ahds the edge
fit dislocations in the Si “film,” the local lattice constant component of the misfit d'S'Oca“OF‘ and takes a fo_rm of
could become larger than the normal region, giving rise to 6(1/2/2)cos 302 (a=5.431A, the Iattlc.e constant of )Siln
compressive strain in the region beneath the crosshatchesN€ Present case=1 um and¢=0. Using these parameters

To estimate the depth of crosshatching, we first calculaté"m.j the above expressions, we obtaje-0 andu,=1.6A,
the change of the crystal parameters in the direction vertical/Nich agrees with our measurement very well. _
to the surface in both crosshatched and normal regions, Our cross-section TEM experiment shows that the strain

which we denote ab, anda, , respectively: relaxation of SiGe film with LT-Si buffers is similar to that
+ + P y for compositionally graded SiGe layers and is of the modi-
b, (a,)=[ag+X(age—2as)(1+&,), (4)  fied Frank-ReadMFR) type as well documented by Le-

Goues etal®’ We also often observe some reversed
wheree, is the component of the strain tensor in the growth\/.shaped alignment of the dislocations gliding from two sets
plane. of (111) planes deep into the substrate generated by the MFR

If we ignore the strain variation in the substrate, then thesource, which is again similar to that found in composition-
crosshatching depth would be expressed Wfa,  ally graded SiGe layersee Fig. 4 in Ref. 6, for example
—b,)/asige, Wherel is the thickness of the SiGe layer and  |n the following, we will show that the present results
asice IS the crystal parameter of the fully relaxed Site. cannot be explained solely by the two models mentioned
Using the calculating method and parameters in Ref. 24, above or by their combination. If the crosshatching corre-
value of~30 A for the depth is obtained. We have also usedsponds to an atomic step of 2.8 A at the intersection of the
Hirth and Lothe’s classic theory to estimate the surface disassociated glide plane and the epilayer from a single 60°
placement caused by the dislocation piletipaccording to  dislocation (Burgers vectora/2 [101]),*! the undulated
them, the atomic displacements along the two polar coordimorphology will be a sum of the individual surface step
nate axegr and ¢) are displacements from the dislocations involved in the MFR

) pileup process. For the film shown in Fig. 1, typicatiy10
U _b 1— (2-2v) singin T+ siné¢ + 9cosd dislocations are observed in pileups. Thus a total displace-
" 2w 2(1-v) 4(1—-v) ' ment of ~28 A from the (001) plane is expected. This is
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much smaller than the values observed by AFM and estierease the magnitude of the distortion and make the oval or
mated in our calculation. Moreover, it will lead always to a half-sinusoidal shapes steeper, which would eventually result
step bunching and thus a dipolelike morphology, rather thain a V-shaped crosshatch. According to our model, it will be
the observed V shape. Further, if the crosshatches are inde#tpossible to remove the crosshatch pattern by polishing un-
due to this plastic displacement, it should be possible to reless the underlying dislocations are eliminated. .
move them by polishing. However, such a pattern still exists Our model does not exclude other two models. In reality,
even after our~200-nm-thick epilayer is removed. On the tWo and even all three processes might come into play to-
other hand, if the undulation pattern is driven by the growthgether. For example, atoms are more easily incorporated into
kinetics associated with the relaxation-induced inhomoge!l€ stress-released regions, as much more energy is gained in
neous strain field45then we will expect a simultaneous this case. Strain-driven adatom d|£flfg|on' can enhance the
composition fluctuation in addition to the strain undulationég:)%v(\jltr;xggﬁgﬁznf%ri{\oesz?sgfgrl)ﬁciesﬁrﬁI?n(r)r:;)ghh(;tlo%?/ r?]ea-
gzg goi Qiﬂ?é\.éﬁ_lﬁgtizurzgicfbggtzg%:é ignlcz?észl;%t‘"?r?“? G sured by different methods. However, as a fundamental pro-

model has also difficulties with the polishing observation. cess, the nonuniform elastic field caused by the underlying

_dislocations associated with strain relaxation should be con-

In our model, crosshatching is mainly related to & nonunijgered in any successful model to explain the formation of

form elastic field caused by the beneath dislocations assOCyosshatching regardless of the methods and systems in
ated with strain relaxation. When a misfit dislocation forms,,,i-h crosshatch pattern occurs.

it creates a strain field that causes lattice expansion in the |, summary, we have investigated surface crosshatching
(001 plane and contraction of the interlayer distance alongy 4 relaxed SiGe film grown on a LT-Si buffer on a Si
the(001) direction. This contraction will Ieaq to a downward substrate, using AFM and Raman spectroscopy and mapping.
movement of the layers above the dislocation. The extent ofpe most interesting result is the uniform composition dis-
the movement of an individual layer depends on the distancg;p tion independent of the stress undulation that causes the
zfrom the d'§lgcat'°n along thed01) direction. This is pro-  oy5sshatch pattern. By comparing the results obtained from
portional toz" %, because the stress of dislocation decays agjfferent measurement methods and calculations, we show
z = Thus the total displacemefd) at the surface, caused hat the nonuniform elastic field caused by the underlying

by this interface dislocation, should be an integral of theyjsiocations associated with strain relaxation is essential to
contractiond, againstz for entire thickness of the epilayer. explain the crosshatch pattern.

Meanwhile, in the (001 plane, the relaxation of the

neighboring atoms also occurs and decreases with increasing The authors would like to thank Professor Dave E. Aspnes
distance from the dislocation. Considering all possible moveand Dr. Kevin F. Kelly for critical reading and comments of
ments involved, we should expect an oval or half-sinusoidathe manuscript. The work is partly supported by the National
morphology at the surface along the tWbl10] directions.  Science Foundation of China through Grant Nos. 59902013
Due to dislocation pileup, the dislocations gliding deeperand 69625608. The authors would also like to thank Ran-
into the Si substrate should also make contributions to théshaw Beijing Office for help in the Raman mapping mea-
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