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Abstract 

In-place bonding is a technique where silicon-on-insulator (SOI) slabs are bonded 

by hydrophobic attraction to the underlying silicon substrate when the buried oxide is 

undercut in dilute HF. The bonding between the exposed surfaces of the SOI slab and the 

substrate propagates simultaneously with the buried oxide etching. As a result the slabs 

maintain their registration and are referred to as “bonded in-place”. We report the 

fabrication of dislocation-free strained silicon slabs from pseudomorphic tri-layer 

Si/SiGe/SOI by in-place bonding. Removal of the buried oxide allows the compressively 

strained SiGe film to relax elastically and induce tensile strain in the top and bottom 

silicon films. The slabs remain bonded to the substrate by van der Waals forces when the 

wafer is dried. Subsequent annealing forms a covalent bond such that when the upper Si 

and the SiGe layer are removed, the bonded silicon slab remains strained. 
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     The performance of metal-oxide semiconductor field effect transistors (MOSFETs) in 

complementary metal-oxide-semiconductor (CMOS) technology is enhanced by the use 

of strained Si. Blanket Si layers under biaxial tensile strain are typically achieved by 

means of a strain-relaxed epitaxial SiGe layer grown on a Si(001) wafer as a  “virtual 

substrate”, on which an epitaxial strained silicon layer is subsequently grown [1]. When a 

SiGe layer underneath the strained Si film is undesirable, the relaxed-SiGe/strained-Si 

structures are further processed to fabricate strained-silicon-on-insulator (SSOI) [2] and 

strained-silicon-on-silicon (SSOS) [3] wafers by layer transfer and wafer bonding 

methods. This approach has several drawbacks: First, it requires the epitaxial growth of a 

relatively thick SiGe layer. Second, plastic strain relaxation of the SiGe film is achieved 

through nucleation and glide of 60o misfit dislocations that results in a crosshatched 

rough surface. Chemical mechanical polishing (CMP) is typically done on the strain-

relaxed SiGe layer prior to the growth of the strained silicon layer to reduce the surface 

roughness to a level suitable for device fabrication. CMP is also required to enable the 

fabrication of SSOI and SSOS by wafer bonding. Finally, the threading dislocation 

density in the strained Si layer is the same as that in the original underlying strain-relaxed 

SiGe layer. 

 

Here we report the fabrication of dislocation-free strained silicon slabs on silicon by 

a new technique we call in-place bonding. We describe the principles of the in-place 

bonding technique and show how it can be applied to fabricate strained-silicon-on-silicon 

(SSOS).  
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Fig. 1 shows the main process steps of the in-place bonding method applied to a 

pseudomorphic tri-layer Si/SiGe/Si film stack. The Si/SiGe/Si film stack was fabricated 

by epitaxial growth of a 250 nm-thick metastable pseudomorphic compressively strained 

Si0.8Ge0.2 layer on a 20 nm-thick SOI film, followed by a 20 nm-thick epitaxial silicon 

cap layer. The SOI substrate was a commercially bonded wafer having a 145 nm-thick 

buried oxide, with the bonding interface being the oxide-substrate interface. The 

Si/SiGe/Si film was patterned into isolated slabs by conventional lithography and reactive 

ion etching (RIE) using HBr chemistry (Fig. 1(a)). The buried oxide layer was then 

undercut by etching in a 10:1 diluted hydrofluoric (HF) acid (Figs. 1(b)). As discussed 

later, the etching of the buried oxide allows the SiGe film to relax elastically and to 

induce tensile strain in the silicon films. The free-standing Si surface and the Si substrate 

surface are both hydrophobic and are therefore attracted to each other in the etchant bath. 

After sufficient etching the free-standing silicon surface is pulled to the substrate surface 

by hydrophobic attraction and bonds to the substrate surface (Fig. 1(c)). As additional 

oxide is removed, further bonding takes place between the slab and the substrate. The 

process terminates when all the buried oxide is removed and the slab lies flat on the 

substrate (Fig. 1d). When the substrate is dried as it is removed from the etching bath, the 

slabs remain bonded to the substrate by van der Waals forces. A covalent bond forms 

between the substrate and the bottom strained Si layer during subsequent annealing at 

800°C for 3 hours in a N2 ambient [4]. Thus, when the upper Si and SiGe films were 

removed, the remaining bonded Si layer (Fig. 1(e)) is firmly attached to the Si substrate. 

Removal of the upper Si and SiGe films was carried out in two steps. First the top silicon 

film was removed selectively with respect to the SiGe layer by etching with 
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tetramethylammonium hydroxide (TMAH) 25 wt. % at room temperature. Then the SiGe 

film was removed selectively with respect to the bottom strained-silicon layer by etching 

in a bath of aged 1 HF:2 H2O2:3 CH3COOH solution. 

 

Fig. 2(a) is an SEM image showing an array of in-place bonded Si/SiGe/Si slabs. 

This sample had not been annealed so the slabs are bonded to the substrate only by van 

der Waals forces. The SEM sample was prepared by cleaving a bar from a wafer. Slabs at 

the edge of the sample are not cleaved due to the weak bonding provided by the van der 

Walls force. They either overhang the edge or remain attached to the other part of the 

wafer. Subsequent annealing at 800 oC forms a covalent bond between the slabs and the 

substrate and in this is case the slabs are cleaved along with the substrate. 

 

The bonded area of Si/SiGe/Si slabs with a partially etched buried oxide detached 

from the substrate when the wafer was dried, forming flat slabs supported by an oxide 

pedestal [5]. This suggests that the elastic restoring force of the slabs is sufficient to 

overcome the weak van der Waals bonding force in air but not the stronger attractive 

force between the slab and the substrate in the etching bath. In comparison, the edge of 

partially etched thinner 55 nm-thick Si slabs remained bonded to the substrate, as shown 

by Fig 2(b) and was illustrated in Fig. 1(c). To verify that the stronger attraction in the 

HF bath is due to hydrophobic forces we rendered the silicon surface more hydrophilic by 

adding a surfactant, sodium dodecyl sulfate, to the etching bath [6]. Silicon slabs that 

were undercut in an HF bath that contained the surfactant did not bond to the substrate 

but rather floated in the bath, with a few randomly deposited on the substrate.  



 5

The registration of the in-place bonded slabs with respect to their initial position as 

defined by lithography was tested. The gate line mask of a 90 nm CMOS process mask 

set was aligned to in-place bonded slabs that were defined by the shallow trench isolation 

(STI) mask. Overlay was measured with the Biorad Q7 tester using a box in a box test 

structure. The measured overlay error, less than 30 nm, was the same for wafers having 

in-place bonded slabs and for control wafers where the slabs were defined by RIE but the 

buried oxide layer was not removed. Excellent registration is maintained provided the 

slab edges bond to the substrate while the rest of the slab is still held in place by unetched 

buried oxide.  

 

As has been previously demonstrated [5], elastic (dislocation-free) strain relaxation 

of the free-standing portion of the symmetric Si/SiGe/Si layer occurs as the buried oxide 

is etched away. The compressive strain in the SiGe layer is reduced and because no 

defects are introduced, the lattice mismatch strain between the SiGe and the Si is 

accommodated by inducing tensile strain in the upper and lower Si layers. The degree of 

strain transfer between the SiGe film and the top and bottom silicon films depends on the 

ratio of their thicknesses. To maximize the strain transfer from the SiGe film to the 

silicon films, the thickness of the SiGe film must be much greater than the total thickness 

of the Si films.  For the structure employed in this work, the ratio was about 6:1. The 

strain in the bonded Si/SiGe/Si slabs was measured by x-ray diffraction measurements as 

described previously [7]. Fig. 3 shows the triple-axis diffraction map of an array of in-

place bonded Si/SiGe/Si slabs. The offset in ω between the diffraction peaks from the 

SiGe and Si layers in the slabs and the Si substrate, is due to a slight misalignment 
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between the (001) lattice planes of the substrate and those of the bonded slabs [8]. This 

misalignment was present in the bonded SOI wafer on which the SiGe/Si films were 

epitaxially grown. The shift in the Bragg angle of the SiGe layer compared with the 

Bragg angle of the initial pseudomorphic SiGe film, indicates that the strain is reduced by 

83%, in good agreement with a force balance model [7]. The diffraction peak 

corresponding to the Si layer has a higher Bragg angle than that of the Si substrate peak, 

indicating that the Si layers are under tensile strain with ε=0.0069.  The appearance of 

pronounced thickness fringes in the diffraction map indicates that the strain relaxation of 

the slab was indeed elastic, i.e. without the introduction of defects.   

 

Surface roughness was measured with a Digital Instruments Dimension 5000 

Scanning Probe Microscope (AFM) using tapping mode. Elastic strain relaxation of the 

Si/SiGe/Si slabs was confirmed by the smooth (crosshatch free) surface measured by 

AFM. For comparison, we also imaged slabs for which the buried oxide layer was not 

etched but were also annealed at 800°C. As expected, these partially relaxed slabs 

exhibited a crosshatch pattern of surface steps formed by the glide of 60o misfit 

dislocations during annealing [9].   

 

Fig. 4 shows an AFM image of an in-place bonded 8.5×8.5 µm2 slab following the 

800°C anneal and removal of the top Si/SiGe layers (Fig.1(e)). The strained silicon 

surface is flat and smooth with a root mean square (RMS) roughness of 0.16 nm. The 

RMS surface roughness of the surrounding silicon substrate is 0.46 nm, because the wet 
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etching process is the major contributor to the roughness and the substrate was exposed to 

both the Si and SiGe etching solutions. 

Raman spectroscopy measurements were used to measure strain in the bottom Si slab 

after removal of the upper Si and SiGe layers, and following an additional high-

temperature anneal which simulated a dopant activation anneal that is routinely used in 

CMOS device fabrication. The dopant activation anneal was carried out by a rapid 

thermal anneal (RTA) peaking at 1000°C for 5 seconds, with a ramp rate of 50 oC/s in N2 

ambient. Raman spectroscopy measurements show that the 20 nm-thick Si layer remains 

strained after removal of the relaxed SiGe layer which originally induced the strain in the 

Si layer. This confirms that the slab-substrate bond is strong enough to maintain the strain 

after the 800°C anneal. The strain in the Si slabs was maintained after RTA anneal. Since 

the dopant activation anneal is typically the highest thermal treatment applied to a wafer 

during CMOS fabrication, the technique outlined in this paper can be used to fabricate 

strained silicon MOSFET devices. 

 

The physics and chemistry of the in-place bonding technique requires further 

investigation. It is not clear why the etching of the buried oxide does not stop, or at least 

slow down, once the edges of the slab bond to the substrate and presumably stop the 

supply of fresh HF. During etching of the buried oxide, the bonded edges of the slabs 

must be able to slide, since the slabs are flat once all the oxide has been removed. This 

suggests that the bond between the slab and the substrate is weak enough to allow 

slippage of the slab and may also enable the transport of the etching solution. Questions 

about the nature of this bond and the magnitude of the various forces involved remain.  
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In conclusion we have fabricated dislocation-free strained-silicon-on-silicon by in-

place bonding. In this method small Si slabs are bonded to a Si substrate in a liquid 

solution, whereas the usual wafer bonding is performed in air or in vacuum. The in-place 

bonding method vertically translates Si/SiGe/Si-on-insulator slabs onto the underlying 

substrate while preserving their registration. Since the slabs are released from the buried 

oxide, the Si/SiGe/Si structure relaxes elastically without introducing defects into the 

bonded strained Si layer. After annealing, the top Si and SiGe layers are removed by 

etching, and the covalently bonded bottom Si layer remains strained. The strained silicon 

slabs are flat and exhibit a smooth surface. The nature of the bonding forces was 

discussed briefly but further work is needed to address many remaining questions. 

 

The epitaxial layer structures for this work were provided by H. Chen, IBM 

Microelectronics Division, Hopewell Junction, NY 12533 USA 
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Fig. 1.  Schematic diagram illustrating the in-place bonding method with tri-layer Si/SiGe/Si slabs. 
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Fig. 2  SEM images showing (a) an array of in-place bonded slabs and  (b) a cross section of a partially 
bonded Si slab. 
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Fig. 3  High-resolution triple-axis x-ray diffraction map of bonded tri-layer Si/SiGe/Si slabs. 
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Fig. 4  Atomic force microscope image (amplitude) of a strained-Si-on-Si (SSOS) slab fabricated by in-
place bonding. The slab size is 8.5×8.5 µm2.    

 




