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SSOI substrates were successfully fabricated using He+ ion 
implantation and annealing to relax thin (< 500nm) SiGe buffer 
layers, bonding and layer transfer processes to realize strained-Si 
layers onto oxide layers. The reduced thickness of the SiGe buffer 
possess numerous advantages such as reduced process costs for 
epitaxy and for reclaim of the handle wafer if the layer splitting is 
initiated in the SiGe/Si interface. 
The electron mobilities in the fabricated SSOI layers were 
measured using transistors with different gate lengths. An electron 
mobility of ~530 cm2 /Vs was extracted, being much higher than in 
non-strained SOI substrates. Furthermore, an 80% drive current  

      (IDSAT) improvement has been measured for long channel devices.  
 
 

Introduction 
 
The performance improvements in CMOS circuits during the last decades result primarily 
from reductions in the dimensions of the individual transistors. The smaller device size 
permits a higher device density that has, for example, resulted in higher clock speeds of 
logic devices. As device dimensions approach values below 100nm, scaling becomes 
increasingly difficult. Strain engineering and material innovations have been identified as 
the main contributors to the continued performance improvement in CMOS devices. One 
example implemented recently is the silicon-on-insulator (SOI) material. Further 
improvements of the performance are obtained by an increased carrier mobility which has 
been reported for devices fabricated on strained silicon layers (for example [1-3]). 
Combining the advantages of SOI and strained silicon results in strained silicon on 
insulator (SSOI) substrates connecting the properties of both materials. 
For fabrication of SSOI wafers strained silicon (sSi) layers grow on a relaxed SiGe 
virtual substrate and were then transferred to oxidized Si handle wafers by direct wafer 
bonding. The Ge content in the SiGe alloy and the degree of plastic relaxation in the SiGe 
with respect to unstrained Si determines the degree of strain in the sSi layer. The 
relaxation of the SiGe is mediated through misfit dislocations near the SiGe/Si interface. 
The misfit dislocations are connected to the free surface by dislocation segments 
threading through the layer. These threading dislocations (TDs) are penetrating not only 
through the SiGe but also through the sSi layer and may thereby deteriorate the device 
performance. The density of TDs is reduced by slow compositional grading of the SiGe 
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layer. Typical values are 10% Ge content grading per µm [4,5] resulting in thick buffer 
layers increasing the process costs. An alternative is the relaxation of a thin 
pseudomorphic SiGe layer (<500 nm) induced by hydrogen or helium implantation and 
subsequent annealing [6,7].   
 

Experimental 
 
The epitaxial SiGe layers were deposited on 200 mm Si wafers (orientation [100]), using 
a horizontal cold wall, load locked Reduced Pressure Chemical Vapor Deposition System 
(RP-CVD, ASM Epsilon-2000 reactor), which has been developed for production 
applications. Epitaxial SiGe growth was done at 600°C and 40 Torr, using SiH4 and GeH4 
(1% in H2) as Si and Ge source gases. H2 was used as carrier gas. 
A Si0.77Ge0.23 layer, about 200 nm thick, was grown first on the Si substrate. The layer 
was covered with a 6 nm thick Si film. An implantation with He ions (energy 40 keV, 
dose 7·1015 cm-2) and a subsequent annealing in Ar at 850°C for 600 sec were applied to 
relax the SiGe layer. During a second epitaxial growth a 200 nm thick strain-adjusted 
SiGe layer having a Ge content of 16 at% was deposited. In this case the overgrowth 
layer is fully relaxed on top of the 70% relaxed Si0.77Ge0.23 layer. Finally a 20 nm thick 
strained silicon layer was grown. 
After deposition of an oxide layer (thickness 190 nm) the virtual substrates were 
implanted with hydrogen using 115 keV H2

+ ions with a dose of 3-5⋅1016 cm-2. The 
energy causes the peak of implantation induced damage to be about 0.4 µm below the 
sSi/SiO2 interface according to simulations. Standard chemical cleaning (SC1 + SC2) 
followed by de-ionized (DI) water rinse was employed for all the wafers prior to bonding. 
The virtual substrates were then bonded to Si handle wafers in a Süss CL 200. In order to 
increase the bond strength and to induce the layer splitting, the wafer pairs were annealed 
at moderate temperatures.  
The remaining SiGe layers were finally removed by selective etching in HF:H2O2: 
CH3COOH (Hac) solutions.  
After SSOI fabrication a further epitaxial growth process was applied to increase the 
thickness of the strained Si layer. The SSOI wafers were wet chemically cleaned 
including an HF dip to remove the native oxide. After loading into the epitaxy reactor, the 
SSOI wafers received a pre-epi bake at 800°C to remove traces of remaining oxide. Si 
growth was done at 700°C and 40 Torr using SiCl2H2 as Si source gas. 
 

SSOI Fabrication 
 
The virtual substrate consists of a 200 nm thick Si0.77Ge0.23 layer pseudomorphically 
grown on a Si(100) wafer. The SiGe layer is initially fully strained and the strain 
relaxation occurred by performing a He implantation and subsequent annealing at 850°C 
for 10 min. During this process a narrow defect band underneath the SiGe/Si substrate 
interface is generated (Fig. 1). It provides a high density of dislocation loops as sources 
for misfit dislocations resulting in efficient strain relaxation during annealing. The 
dislocations propagate from the bottom of the relaxed SiGe towards the surface into the 
Si cap layer. On top of the Si0.77Ge0.23 layer a strain adjusted Si0.84Ge0.16 layer was grown 
acting as substrate for the deposition of a strained silicon layer about 20 nm thick (Fig. 2).  
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The dislocation density was determined by 
optical microscopy and selective chemical 
etching (dilute Secco etch). A TD density 
of about 6·105 cm-2 and a dislocation pile-
up density of 25 cm-1 were measured [7].  
Furthermore, AFM analysis proved a 
surface roughness (root mean square) RMS 
< 1 nm. In contrast, graded buffers cause 
the generation of a cross-hatch pattern on 
the surface that gives rise to a RMS value 
> 1 nm [8]. In this case surface 
planarization is required prior to wafer 
bonding process. 
Layer transfer processes based on 
hydrogen implantation and wafer bonding 
were employed for the SSOI fabrication. 
Designed PE-CVD layers were deposited 
first on the virtual substrates acting as 
protection layer during the hydrogen 
implantation and as buried oxide layer in 
the final SSOI wafer. The hydrogen 
implantation was carried out with H2

+ at 
115 keV using doses of 3 to 5 x1016 cm-2. 
The energy causes the peak of 
implantation induced damage to be about 
0.4 µm below the strained silicon surface, 
i.e. close to the interface between the 
underlying Si0.77Ge0.23 layer and the Si 
substrate. Therefore, the layer splitting is 
initiated at this interface resulting in the 
complete transfer of the sSi- and SiGe 
layers (Fig. 3). This means that all SiGe 
layers are removed from the Si wafer of 
the virtual substrate which can be 
reclaimed without expensive processes.  
A perfect layer transfer is obtained during  
a 2-step annealing process, which consists 
of a first annealing at 300 °C (in order to 
increase the bonding strength (interface 
energy) to about 1.5 J/m²) followed by a 
second  annealing step at 450 °C to initiate 
the layer splitting. The surface roughness 
of the transferred layer stack is about 7.5 
nm (RMS) measured by AFM.  
The SiGe layers were removed after the 
layer transfer by selective spin etching 
(Fig. 4). 

 
Figure 1: TEM cross sectional (XTEM) 
image of the pseudomorphically grown 
Si0.77Ge0.23 layer after relaxation by He 
implantation and subsequent annealing. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Typical XTEM image of the SiGe 
virtual substrates. 

 
Figure 3: XTEM image of the stack after 
layer transfer. 

 
Figure 4: XTEM image of the final SSOI 
wafer. 

ECS Transactions, 6 (4) 339-344 (2007)



342

Characterization  
 
The application of thin SiGe buffer layers instead of the conventionally applied thick 
buffers possess numerous advantages. Besides the reduced effort for epitaxy, virtual 
substrates having a thinner SiGe buffer are characterized by a lower compressive stress of 
the whole layer system causing the bow of the wafers. A low value of the bow (or the 
compressive stress) is especially important for the layer transfer process, because large 
stresses result in debonding instead of layer splitting during annealing. Figure 5 shows  
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 Figure 5: Results of measurements of the 
bow of different virtual substrates during 
annealing (wafer diameter 200 mm). a) 
Virtual substrate used for present 
investigations (thin SiGe buffer layer, full 
circles). b) Conventional substrate having at 
thick (4 µm) SiGe buffer layer (open circles). 

the bow of a virtual substrate wafer 
having a thin SiGe buffer during an 
annealing cycle up to 500°C. The 
measured deviation of the bow is only 1.5 
µm corresponding to a low compressive 
stress of about 25 MPa. On the other 
hand, conventionally applied thick buffer 
layers are characterized by an alteration 
of the bow of more than 16 µm during 
the same annealing cycle.  
Using virtual substrates with thin SiGe 
buffer layers SSOI wafers with 
homogeneous strained silicon layers are 
obtained. The surface roughness of the 
sSi layer is below 1 nm (RMS) after the 
final spin etching. UV-Raman 
measurements proved that the whole 
strain of the initial sSi layer (grown on 
the virtual substrate) is transferred to the 
SSOI wafer. 

Measurements over large areas (a quarter of a 200 mm wafer) result in variations of the 
strain of ∆ε = ± 0.005% [9]. Variations of the strain are found in smaller areas correlate to 
the cross hatch pattern. Fig. 6 shows a 2-dimensional map obtained by UV-Raman 
spectroscopy. Areas of 300 µm x 300 µm were measured after the layer transfer and  
 

 
Figure 6: Raman mapping of the surface 
area of a SSOI wafer after layer transfer and 
selective etching of SiGe. Measured area 
300 µm x 300 µm corresponding to 961 
points. 

selective etching and after an additional 
epitaxial step in order to increase the 
thickness of the sSi layer to about 60 nm. 
According to these measurements a mean 
value of the strain of ε = 0.62 ± 0.013 % 
result after the layer transfer (statistics of 
961 measured points), while a mean value 
of ε = 0.59 ± 0.014 % is obtained after the 
final epitaxial growth. 
MOSFETs were fabricated on SSOI 
substrate with a thickness of the top 
strained-Si layer of 58 nm. Fig. 7 shows 
the transfer characteristics of the device 
with a gate length of 5µm and a gate width 
of 20 µm. The sub-threshold slope is 
75mV/dec. The insert in Fig.7 shows the 
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Figure 8: Mobility extraction from the  

Figure 7: Transfer and output (insert) 
 characteristics of an n-MOSFET . 

curve of 1/A as a function of the mask 
channel length L. 
 

output characteristics of the device. The device exhibits a quite large S/D resistance 
because no silicide is applied at S/D before the deposition of the Al contacts. The S/D 
resistance could be easily lowered by using NiSi silicided contacts. 
The mobility of the electrons is calculated from the transfer characteristics of the devices. 
using the following equations 

      ( )THG
m

D VVA
g
I

−=                                                                               (1) 

       D
eff

ox V
L
WCµA 0= ,                                                                            (2) 

where mg is the transconductance of the device which is defined by GSD dVdI / . VTH  is 
the threshold voltage,  Cox the gate oxide capacitance, µ0 the mobility of the carriers, and 
Leff the effective channel length. A linear dependence should be obtained by drawing 1/A 
as a function of the gate length, as shown in Fig.8. We extracted an electron mobility of 
530 cm2 /Vs, which is much larger than the value in the non-strained SOI substrates of 
330 cm2 /Vs. Analogous results were also obtained on pseudo-MOSFET structures 
resulting in the same mobility value [10]. 
A state of the art CMOS process with 4 uniaxial stressors (NMOS: stress memory and 
tensile overlayer, PMOS: embedded-SiGe and compressive overlayer) used in volume 
manufacturing [11] was run on the SSOI wafers. Fig. 9 shows a cross sectional TEM 
image of the NMOS with stress memory and tensile overlayer. Long channel devices 
show clearly the benefit of the biaxially-strained SSOI wafers. An 80% drive current 
(IDSAT) improvement at same source-to-drain leakage (IOFF) has been measured (Fig. 10). 
Short channel devices with Lg=40nm show an IDSAT improvement of up 10% limited by 
source-to-drain resistance components [12, 13].  
 

Conclusions 
 

SSOI substrates were successfully fabricated using He+ ion implantation and annealing to 
relax thin (< 500nm) SiGe buffer layers, bonding and layer transfer processes to realize 
strained-Si layers onto oxide layers. The low surface roughness allows wafer bonding 
without any pretreatments for the virtual substrates. A perfect layers transfer is obtained 
during annealing at 450 °C.  The reduced thickness of the SiGe buffer possess numerous  
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Figure 9: TEM cross sectional image of an 
NMOS short channel transistor (Lg = 40 
nm) fabricated on SSOI. 

Figure 10: Off current versus saturated 
drive current (long channel device, Lg = 
1µm). An improvement of about 80% 
results to control wafers (SOI, full circles). 
 

advantages such as reduced process costs for epitaxy and for reclaim of the handle wafer 
if the layer splitting is initiated in the SiGe/Si interface.The electron mobilities in the 
fabricated SSOI layers were measured using transistors with different gate lengths. An 
electron mobility of ~530 cm2 /Vs was extracted, being much higher than in non-strained 
SOI substrates of 330 cm2 /Vs. Furthermore, an 80% drive current (IDSAT) improvement 
has been measured for long channel devices, while an IDSAT improvement of up 10% 
result for short channel devices.  
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