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We show that the islands formed in Stranski-Krastanow (SK) growth of Ge on Si(100) are initially
dislocation-free. Island formation in true SK growth should be driven by strain relaxation in large,
dislocated islands. Coherent SK growth is explained in terms of elastic deformation around the islands,
which partially accommodates mismatch. The limiting critical thickness, k., of coherent SK islands is
shown to be higher than that for 2D growth. We demonstrate growth of dislocation-free Ge islands on
Si to a thickness of = 500 A, 50x higher than k. for 2D Ge/Si epitaxy.
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FIG. 1. Schematic diagram of the three possible growth FIG. 4. Plan-view and cross-section TEM images of large
modes: Frank-van der Merwe, Volmer-Weber, and Stranski- coherent SK islands close to their maximum size prior to dislo-
Krastinov. Where interface energy alone is sufficient to cause cation introduction. (a) Bright-field image near the {202}
island formation, VW growth will occur; SK growth is uniquely Bragg position showing charac_lcristic *bend-contour™ contrast
confined to systems where the island strain energy is lowered fi”e to dome-shaped dei‘ormz.atmn of the substrate around the
by misfit dislocations underneath the islands. island. (b) (400) dark-field image; note strong strain contrast

around island.
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The transition from 2D to 3D growth of Ge on Si(001) has been investigated with scanning tunneling
microscopy. A metastable 3D cluster phase with well-defined structure and shape is found. The clusters
have a {105} facet structure. Results suggest that these clusters define the kinetic path for formation of
“macroscopic” Ge islands.

475° C,>3 ML Ge

FIG. 2. STM images of single “hut” cluster. (a) Perspec-
tive plot. Scan area is 400 Ax400 A. The height of the hut is
28 A. (b) Curvature-mode grey-scale plot. The crystal struc-
ture on all four facets as well as the dimer rows in the 2D Ge
layer around the cluster are visible. The 2D layer dimer rows
are 45° to the axis of the cluster.



Probing the lateral composition profile of SiGe islands

Before etching After selective etching
(2 min in 31% H,0,) Simulation

Grown at 560 ° C

6 ML Ge at 560 °C, 500 s Gl

U. Denker, M. Stoffel, and O. G. Schmidt, Phys. Rev. Lett. 90, 196102 (2003).



Trench formation around SiGe islands

X. Z. Liao et al., Phys. Rev. B 60, 15605 (1999)



2 X 2 um?

U. Denker et al.,
APL 78. 3723 (2001)



Trenches after post-growth annealing (in-situ)

10 ML Ge at 740°C
After 2 min. etching in HF/H,0,/CH;COOH (BPA solution)
+ 1 min. anneal 740°C + 10 min. anneal 740°C

29 um x 2.9 ym <110> ——

- Before annealing: Si plateau at the center of the trench

- After annealing: only a part of the initial Si plateau remains and

and a wide shallow trench appears :
= |Sland motion



Lateral SiGe island motion during in-situ annealing

U. Denker, A. Rastelli, M. Stoffel, J. Tersoff, G. Katsaros, G. Costantini, K. Kern, D. E. Jesson, and O. G. Schmidt, Phys. Rev. Lett. 94, 216103 (2005).

Evidence of asymmetric alloying

Wet chemical etching in a NH,OH/H,O, solution
(Etches Ge-rich SiGe alloys)

No etch 80 min.
(440 nm)?
170 min. Full etch

- Ge rich part at the left side of the island
- Si rich part at the right side of the island

< Island motion: efficient Si-Ge intermixing by surface diffusion



Lateral SiGe island motion during in-situ annealing

Mean island displacement
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- Short annealing times: rapid island motion

- Island motion slows down for annealing times > 20 min.

< Once the island has Intermixed, lateral motion ceases



Probing the lateral composition profile of SiGe islands

Before etching After selective etching
(2 minin 31% H,0,)

Grown at 560 ° C

6 ML Ge at 560 °C, 500 s Gl

U. Denker, M. Stoffel, and O. G. Schmidt, Phys. Rev. Lett. 90, 196102 (2003).



Trench formation around SiGe islands

X. Z. Liao et al., Phys. Rev. B 60, 15605 (1999)



Dendrochronology
(Study of tree-rings of dislocated superdomes)

SiGe islands Douglas-fir
(photo H.D. Grissino-Mayer)

T. Merdzhanova, S. Kiravittaya, M. Stoffel, A. Rastelli, and O. G. Schmidt
Phys. Rev. Lett. 96, 226103 (2006)



Revealing the details of capped SiGe islands

5.9 ML Ge, 580 °C 20 nm Si 2X2 um?2
ZZlggurat*

After Si cap etching Composition profile

Although islands look
completely different after
capping, they remain
practically unchanged
below the Si !!!

G. Katsaros et al.,
APL 89, 253105 (2006)
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DIFFICULT CHALLENGES

Table PIDSIa  Process Integration Difficult Challenges—Near-term Years

Diffienit Challenges =22 nm Summary of Issues
1. Scaling of MOSFETs to the 22 nm technology Scaling planar bulk CWMOS will face sigmificant challenges due to the high channel doping
generation required. band-to-band tunneling across the junction and gate-induced drain leakage

(GIDL), random doping variations, and difficulty in adequately controlling short
channel effects. Also, keeping parasitics, such as series source/drain resistance with
very shallow extensions and fringing capacitance, within tolerable limits will be
significant 1ssues.

Implementation into manufacturing of new stmuctures such as ultra-thin body fully depleted
silicon-on-insulator (SOI) and multiple-gate (e.g., FinFET) MOSFETs 1s expected at
some point. This implementation will be challenging. with numerous new and difficult
1ssues. A particularly challenging 1ssue is the control of the thickness and its
variability for these ultra-thin MOSFETs, as well as control of parasitic series
source/drain resistance for very thin regions.

2. With scaling, difficulties in inducing adequate
strain for enhanced mobality. 51gmﬁcanrh enlnnu:ed CMOS ch"mnel mobility attaimed by applying strain to the
channel. However, the strain due to current process-induced strain techniques tends to
decrease with scaling.

,...as the spacing between transistors is reduced with scaling, techniques
such as embedded SiGe or Si:C in the source/drain ...becomes less effective
at inducing stress in the channel.”

(ITRS 2007 edition)

ITRS: International Technology Roadmap for Semiconductors




Modeling the realistic barn-shaped island
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Strain induced in capping layer
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Field Effect Transistor based on embedded SiGe island structures
(DotFET)

Gate B
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0. G. Schmidt and K. Eberl, US 6,498,359 (2000)
IEEE Trans. Electron. Devices 48, 1175 (2001)

MOSFET: The key device for ULSI technology.



Reverse embedded SiGe*

Si

R. A. Donaton et al. (IBM),
IEDM Tech. Dig.,2006, pp. 465.

A buried SiGe island is very effective at inducing uniaxial tensile strain

in the nFET channel for a 15% improvement in drive current and 40% mobility
enhancement. The TEM shows the device following silicon regrowth

in the source/drain. (Source: IBM)



.SiGe strain transfer structure”

Dual stressor (Added Carbon)

Poly-Si . S;OZ .
Gate 7 aramas

18% improvement in drive current 40% improvement in drive current
40% improvement of mobility 78% improvement of mobility

K.W. Ang et al., IEEE Electron Device Lett. 28, 609 (2007)
K.W. Ang et al., IEEE Trans. Electr. Devices 55, 850 (2008)



Perfect ordering of SiGe islands

Funded by: EU project D-DotFET



Ge dot positioning on CMOS compatible wafers

Overview (Top-view) Zoom-in (3D-view)

G. S. Kar, S. Kiravittaya, U. Denker, B.Y. Nguyen, and O. G. Schmidt, Appl. Phys. Lett. 88, 253108 (2006)
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High-« gate dielectric (all logic
types)

Metal gate electrode (all logic
types) for planar bulk.

Ultra-thin body, fully depleted
(UTB FD) SO MOSFET

Metal gate electrodes for UTB
FO SOl near midgap work
function

Multiple-gate MOSFETs (e.g.,
FinFets)

Enhanced quasi-ballistic
transport

Enhanced transport channels:
Ge, llI-V, carbon nanotube,
nanowire, ...

MNon-CMOS Logic Devices and
Circuit’/Architectures (see
Emerging Research Devices
Chapter)
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Thiz legend indicates the ime during which research, development, and qualification/pre-production should be taking place for the solution.

Source:
ITRS 2007



A method of making a semiconductor device having an
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poly-Si - single crystal Si poly-Si single crystal Si

s SRl 5. Selective etch of Ge dot and Si/SiGe seed
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Novel nanostructure architectures
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Fig. 7. Fabrication of ultra-thin ree-standing Si bridges. (a) Schematic illustration of the required processing steps: Mesa definition on
surface with Si-capped SiGe islands and subsequent selective etching of the SiGe core results in free-standing Si bridges. (b—d) Different
views of the fabricated Si bridges.



Conclusion

- Further transistor scaling requires rigorous increase
of strain in channel

- SiGe island growth is well-understood and could
help to establish sufficient strain down to
22nm technology



