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Strain partition of Si /SiGe and SiO ,/SiGe on compliant substrates
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Strain partitioning of crystalline Si and amorphous gi@eposited on crystalline SiGe on a
compliant viscous borophosphorosilicdBPSQ glass has been observed. Pseudomorphic epitaxial

Si was deposited on SiGe films, which were fabricated on BPSG by wafer bonding and the
Smart-cut® process. The strains in SiGe and Si films were found to change identically during a
high-temperature anneal which softened the BPSG film, indicating a coherent interface between
SiGe and Si films and precluding slippage or the formation of misfit dislocations along the interface.
The stress balance between the layers dictated the final state, which confirmed that BPSG was a
perfectly compliant substrate and did not exert any force on the layers above it. Similar results were
found for amorphous Si©deposited on SiGe on BPSG and then annealed. This shows that the
viscous BPSG is an effective compliant substrate for the strain engineering of elastic films without
the introduction of dislocations. @003 American Institute of Physics.
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The integration of lattice-mismatched materials has mostrate[Fig. 1(a)], the introduction of dislocations or other
tivated the development of compliant substrdt@he ideal  kinds of defects is not required. The original strain is parti-
compliant substrate structure allows a crystalline thin filmtioned between layers. When the strain energy in the system
above to expand or shrink, thus reducing the strain energy ii$ reduced by dislocation formatidiig. 1(b)], there are no
the system, without the formation of defects such as dislocalonger coherent interfaces between layers. The compliancy,
tions. This provides a template for subsequent epitaxy withowever, manifests itself by modifying dislocation
an in-plane lattice constant different than that of the originaddynamics:® The fact that dislocations render interfaces inco-
substrate. A variety of methods have been utilized to realiz&€rent between layers suggests that strain partitioning in lay-
compliant substrates, with most of them trying to form a thin€’'S on a compliant substrate is a key test on the mechanism
template layer that decouples the thick substrates from topf compliancy. Without clear evidence of strain partitioning,
epitaxial layers grown latér:'° In practice, pseudomorphic 't has been suspected that some approaches of compliant sub-
strained layers are often grown on top of these templates, arfdfates in lll-V materials actually take advantage of the
the whole structure is then annealed to further adjust th&hange in dislocation d}'nam'&%- _
lattice constant. Ideally, this relaxation step is accomplished  1he recent application of viscous BPSG as a compliant
without dislocationge.g., at the interface between the tem-S_UbStlrg‘}g has yielded high-quality fully relaxed, &e, s
plate and the top layeso that all layers remain coherent, as IMS- ™ A 30 nm Sp /Ge 3 film commensurately strained
has been commonly assumed in many compliant substrafg bulk S(100 is transferred to a 200 nm BPSG filta

. O o .
studies- 14 However, in the case where such a Structurewscosny of 1.2<10'° N s/m at 800°C on a Si wafer by a

wafer bonding, Smart-cut® and etch-back process, and then

has been examined in detail, coherence was not obsétved, atterned to islands. When the anneal temperature is elevated
leading to uncertainty about the nature of the complianc 0 800°C, the BPSG film softens and the as-bonded, com-

mechanism. In this letter, we clearly show a coherent relation : . . ' .
: : . pressively strained SiGe film starts to relax by macroscopic
of bilayers on a compliant substrate of a thin borophospho:

- . . . . expansion. Transmission electron microscopy examination
r05|l_|cate(BPSC_-) film. Th|_s work shows_ that dislocations are has indicated that the dislocation density is low and, there-
not inherently included in the relaxation of layers on thes

Sore, suggested that the underlying relaxation mechanism is
compliant BPSG films. » SU99 ying

. . i indeed the expansion of SiGe layers on viscous BPSG
Consider two layers on top of a compliant subst(&ig. films 19

. S ms
1). When the strain energy is minimized by the coherent Epitaxial Si, Sj -Ge, s and amorphous SiCare the elas-

displacement of the top two layers and the compliant subgic fiims studied in the strain partition tests. The highest an-

neal temperature used is 850 °C, well below the glass transi-
dElectronic mail: hyin@ee.princeton.edu tion point of SiQ.20 Therefore, it is safe to treat all films as
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Strain reduced

FIG. 1. Schematic diagram of compli-

: by lateral i . ) )
Elastic film B diys ?ail;ment Elastic film B Strain reduced ance mechanismsa) Strain energy is
Eiastio flm A P —r— f/ Y—F /by dislocations minimized by lateral displacement of
> astic tilm > ElaSth/ UmA - 4 the elastic layers and the compliant
. K < substrate. Coherent interfaces between
compliant substrate compliant substrate them are retainedb) Strain energy is
Si Si reduced by the formation of disloca-

tions, which render the interfaces inco-
herent.(Dislocations are only relevant
at the lower interface for crystalline
(@ ) compliant substratg.

elastic ones in this study. These films are patterned int& and v refer to the Young's Modulus and Possion’s ratio of
square islands of various sizes by reactive ion etching taehe film, respectively, whose values are listed in Table I. The
allow for lateral macroscopic expansion. Micro-Raman specgood agreement of the observed final strains with the predic-
troscopy was used to locally measure the strain j3&& 3  tions by stress balance is further evidence of the relaxation
and Si filmst® by compliant BPSG without dislocations.

In this letter, the coherent relaxation of different samples A second experiment was performed to verify that the
of four structure types on BPSG is observed. In the firsistress balance between the layers governs the mechanical
experiment, a compressively strained, &ey3 (30 nm,  equilibrium. Epitaxial unstrained Si of various thicknesses
strain eg=—1.2%) on relaxed S{25 nm was first trans- was grown at 700 °C by rapid thermal chemical vapor depo-
ferred to BPSG and patterned into 30n islands(Fig. 2 sition (RT-CVD) on a compressively strained 30 nm
inse). Upon annealing at 800 °C in nitrogen to reduce thesj, .Ge, ; layer on BPSG before relaxatioffFig. 3 inse}.
viscosity of BPSG and thus remove the mechanical conThis structure was patterned to 36n square islands and
straint from the substrate, the compressively strained SiGghen annealed in nitrogen at 800 °C long enough to reach
layer expands to lessen the strain and the Si layer is stretcheglechanical equilibriun{1 to 3 H. Figure 3 shows the final
to become tensil€Fig. 2). The fact that the same increase in equilibrium strains in the two layers as a function of the top
strain (~0.6%) is seen in both layers clearly implies an ab- Sj thickness, both experimentally measured and also pre-
sence of slippage or misfit dislocations between the Si angjcted by stress baland&gs. (2) and (3)]. Again, excellent
SiGe layers. Further, one can predict the final strains of th%greement was observed.
annealed samples by the stress balance between the layers: Up to this point, the strain partition has been examined

osicdsicet oshsi=0, (1)  only during the lateral g)_(pansion <_)f eIasFic Iayers. To dem-

i o onstrate the full capability of strain engineering using the
where o represents film stress under equal biaxial stressegiscq,s BPSG film, the lateral shrinkage of elastic layers
(o11= 022~ o) and h refers to the th'Ckn?SS of the film. during the stress balance process was also examined. In a
Along with the assumption of a coherent interface betweeqhird experiment, 3Qum square islands of 30 nm SGe, 5

the Si and SiGe layers, E(L) predicts: on BPSG were first almost fully relaxed at 800 °C. A 30 nm

(1-vgigd Eshs; Si layer was commensurately and selectively deposited on
SSiGeZSO(l_ ) Esicdlsicet (1— vsicd Eshs; ) the relaxed Si/Gg, ; islands by RT-CVD(Fig. 4 insel. The
measured tensile strain in the Si layer was about 1.1%, as
(1-vg)Esicdsice 3) expected for pseudomorphic epitaxial Si on relaxed

Sip /Ge&y 3. This structure was annealedr fb h at 800 °C in
nitrogen to reach equilibriunFig. 4). Again, the stress bal-
08 ——— I ance accurately predicts the final strains.

fe——g .
s (1-vg)Esicdsicet (1 vsicd Eshsi

Silager g —Fiim | Note that in all three cases described so far, theG, 5
04l D i thicknesses were above the critical thickness not only for a
& SiGe(30nm) Final strains single thin film on a bulk Si substrate-8 nm), but also for
5 0ol Si(25nm) predicted that predicted in a free-standing SyS6e, 5 bilayer (maxi-
OE BPSG(200nm) by stress mum critical thickness~16 nm for Si thickness>16 nm in
2 04} Si Substrate balance i Ref. 12. Thus, dislocations might have been expected by
i; [ A thermodynamic considerations. The fact that the two layers
& 08 — relaxed together in all cases emphasizes the compliant nature
e Vo A . .
i of the substrate and that the strain in layers relaxes more
w
-12F Si, ,Ge, , layer .
T I WP S TABLE I. Mechanical properti€sof Si and Sj /Ge, 5 (linearly interpolated
0 10 20 30 40 50 between Si and Ge
Annealing Time (min) - -
FIG. 2. Coherent strai lution of Si fil th h E(Sh G d E(SD
- 2. Coherent strain evolution of Si an%,_gsam iims as they reac (101° N/m?) (104 N/m?) ¥(Sip 58 ) wSi)
stress equilibrium during an anneal at 800 °C. The strains are measured at
the center of a 3@mXx30um island. The final equilibrium state agrees 12.2 13.0 0.28 0.28
with the predicted stress balance between Si apea#§ ; films, depicted by
the dotted lines. aSee Ref. 21.
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FIG. 3. Biaxial_ strains of 30 nm §i’G_Q3-3_ and Si at the center of a FIG. 5. Biaxial strain of the initially compressively strained 30 nry/Sie, 3
30 «mx 30 um island as a function of Si thickness after anneals at 800 °Cat the center of a 3gmx 30 um island, after deposition of PECVD SjO

to reach equilibrium. Open symbols are experimental data. Lines are Ca|CL5nd an anneal, as a function of PECVD-SitBickness. Open symbols are
lation of stress balance based on the elastic parameters in Table I. experimental data and the dashed line is a fitting based on stress balance.

quickly through lateral expansion or contraction enabled byeither shrink or expand on the viscous BPSG to minimize the
the viscous flow of the compliant substrate than through disstrain energy. The formation of dislocations is unnecessary in
location formation. this process. Thus, the viscous films, such as a BPSG film,
Finally, we show the stress balance with a depositedre a promising compliant substrate for defect-free strain en-
amorphous oxide layer, instead of epitaxial, crystalline lay-gineering of lattice-mismatched films.
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