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and P. Jenkins, “Advances in p+n and n+p GaAs solar cells grown on SiGe/Si substrates,” 18th Space 
Photovoltaic Research and Technology Conf. (Cleveland), 2003. 
 
Fitzgerald, E.A., M.L. Lee, C.W. Leitz and D.A. Antoniadis, “MOSFET Channel Engineering Using 
Strained Si, SiGe, and Ge Channels”, (Invited), 203rd Electrochemical Society Meeting, Spring, April 
27-May 2nd 2003, Volume 2003-01, (Paris, France) 2003 
 
Fitzgerald, E.A., “SiGe MOSFET Heterostructures” (Invited), Annual APS Meeting, March 3-7, 
(Austin, TX) 2003 
 
Fitzgerald, E.A., M.L. Lee, C.W. Leitz, and D.A. Antoniadis, “Strained Si, SiGe, and Ge MOSFET 
Channels”, (Invited), ICS13, Third International Conference on SiGe (C) Epitaxy and 
Heterostructures, March 9-12th, (Santa Fe, New Mexico) 2003 
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S.A. Ringel, C. Andre, M. Gonzalez, M. Hudait, D. Wilt, E. Clark, A. Pitera, M. Lee, E. Fitzgerald, M. 
Carroll, M. Erdtmann, J. Carlin and B. Keyes, “Toward High Performance n/p GaAs Solar Cells 
Grown on Low Dislocation Density p-type SiGe Substrates,” 30th IEEE Photovolt. Spec. Conf. and 3rd 
World Conf. On Photovoltaic Energy Conversion (WCPEC-3), May 12-16 (Osaka, Japan) 2003 
 
Pitera, A. J., G. Taraschi, M.L. Lee, C.W. Leitz, Z.Cheng, and E.A. Fitzgerald, “CMOS-Compatible 
Platform for Ge and III-V Integration with Si”, ICS13, Third International Conference on SiGe (C) 
Epitaxy and Heterostructures, March 9-12th, (Santa Fe, New Mexico) 2003 
 
C.L. Andre, M. Gonzalez, D.M. Wilt, E.B. Clark, A.J. Pitera, M.L. Lee, E.A. Fitzgerald, M. Carroll, 
M. Erdtmann, J.A. Carlin, B.M. Keys and S.A. Ringel, “Correlation of minority carrier electron and 
hole lifetimes and the reverse saturation current density in GaAs diodes grown on Ge/SiGe/Si 
substrates,” 45th TMS Electronic Materials Conference, June 23-27th (Salt Lake City, UT) 2003 
 
Fitzgerald, E.A., “The Science and Applications of Relaxed Semiconductor Alloys on Conventional 
Substrates”, (Invited), 3rd World Conference on Photovoltaic Energy Conversion, May 12-16th, 
(Osaka International Convention Center, Osaka, Japan) 2003 
 
O. Kwon, J. J. Boeckl, M.L. Lee, A. Pitera,  E.A. Fitzgerald, and S.A. Ringel, “Monolithic Integration 
of AlGaInP Light Emitting Diodes on Si Substrates,” 45th TMS Electronic  
Materials Conference, June 23-27th (Salt Lake City, UT) 2003 
 
Fitzgerald, E.A., “Strained Silicon Technology”, (Invited), The 53rd Electronic Components and 
Technology Conference, May 27-30, (New Orleans, Louisiana) 2003 
 
Fitzgerald, E.A., “Heterogeneous Integration of SiGe, Ge and GaAs with Si”, (Invited), MRS Spring 
Meeting, April 21-25th (San Francisco, CA) 2003 
 
P.N. Grillot and S.A. Ringel, “Fermi level stabilization in plastically strained SiGe alloys,” 45th TMS 
Electronic Materials Conference, June 23-27th (Salt Lake City, UT) 2003. 
 
Y. Lin, O. Kwon, J. J. Boeckl, M.L. Lee, A. Pitera,  E.A. Fitzgerald, and S.A. Ringel, “Carrier 
recombination in metamorphic InAsP/InGaAs double heterostructure grown on off-cut and on-axis 
InP substrates,” 45th TMS Electronic Materials Conference (Salt Lake City, UT) 2003. 
 
S.A. Ringel, C.L.Andre, A.Khan, M. Gonzalez, M.K. Hudait, E.A.Fitzgerald, J.A. Carlin, M.T. Currie, 
C.W. Leitz and T.A.Langdo, “Device-Quality III-V Compound Semiconductor Epitaxy on Si Via SiGe 
Interlayers” (Invited), 49th American Vacuum Society International Symp. (Denver, CO), 2002. 
 
Y. Lin, M.K. Hudait and S.A. Ringel, “Growth of Compositionally-Graded InAsP and InAlAs Buffer 
Layers on InP Substrates Using Solid Source Molecular Beam Epitaxy,” 44th TMS Electronic 
Materials Conference (Santa Barbara, CA), 2002. 
 
O. Kwon, C.L. Andre and S.A. Ringel, “Growth and Properties of AlGaInP Laser Diodes Grown on 
GaAs and Ge Substrates by Solid Source Molecular Beam Epitaxy,” 44th TMS Electronic Materials 
Conference (Santa Barbara, CA), 2002. 
 
C.L. Andre, A. Khan, M. Gonzalez, M.K. Hudait, E.A. Fitzgerald, J.A. Carlin, M.T. Currie, C.W. 
Leitz, T.A. Langdo, E.B. Clark, D.M. Wilt and S.A. Ringel, “Impact of Threading Dislocations on 
Both n/p and p/n Single Junction GaAs Cells Grown on Ge/SiGe/Si Substrates,” Proc. 29th IEEE 
Photovolt. Spec. Conf. (New Orleans, LA), pp. 1043-1046, 2002.  
 
M.K. Hudait, Y. Lin, C.L. Andre, P. Sinha and S.A. Ringel, “Relaxed InAsP Layers Grown on Step 
Graded InAsP Buffers by Solid Source MBE,“ Mater. Res. Soc. Symp. (San Francisco, CA) Proc. Vol. 
719, pp. F13.3.1-F13.3.6, 2002.  
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S.A. Ringel, J.A.Carlin, C.L. Andre, J. Boeckl, C.W. Leitz, M. Currie, T. Langdo, E.A. Fitzgerald, A. 
Allerman, D.M. Wilt and E.B. Clark, “Development of High Efficiency GaAs-on-Si Solar Cells Using 
GeSi Interlayers,” Space Power Workshop (Invited), Redondo Beach, CA, 2001.  
O. Kwon and S. A. Ringel, “Growth and properties of lattice-matched and mismatched for mid-
infrared devices grown on graded InAlAs/InP substrates InGaAs tunnel junctions,” 43rd TMS 
Electronic Materials Conference, South Bend, IN, 2001. 
 
S.A. Ringel, J.A. Carlin, C.L. Andre, M.K. Hudait, M. Gonzalez, D.M. Wilt, E.B. Clark, P. Jenkins, D. 
Scheiman, A. Allerman, E.A. Fitzgerald and C.W. Leitz, “Single junction InGaP/GaAs Solar Cells 
Grown on Si Substrates with SiGe Buffer Layers,” (Invited) , Proc. 17th Space Photovoltaic Research and 
Technology Conf. (Cleveland), p. 160-177, 2001.   
 
S.A. Ringel, J.A. Carlin, C.L. Andre and J. Boeckl, “Development of High Efficiency GaAs-on-Si 
Solar Cells Using GeSi Interlayers,” (Invited) NASA Solar Cell/Array Tech Review, Cleveland, OH, 
April 2001 
 
S.A. Ringel, “III-V Compound Photovoltaics on Si Using GeSi-Based Virtual Substrates,” (Invited) 
Solar Energy Technology Review, Golden, CO, Oct. 2001. 
 
2.  Scientific Personnel Supported by this Program 
 
Personnel receiving full or partial financial support: 
OSU  

• P.I.: Professor Steven A. Ringel 
• Graduate Students and Staff:  

Ojin Kwon, PhD Candidate 
 Carrie Andre, PhD Candidate 

  Matt Lueck, MS Candidate 
  Dr. Mantu Hudait, Postdoctoral Researcher  
MIT 

• P.I.: Professor Eugene A. Fitzgerald 
• Graduate Students  

Lisa McGill 
Gianni Taraschi 

 
Demographic Data for Life of this agreement: 
 
OSU 
Fully and partially ARO-supported students at Ohio State 
 
Name  Degree/yr   position   
Robert Sieg PhD, 1999   Research Scientist, Sandia National Labs 
John Carlin MS, 1999; PhD, 2001  Research Engineer, Amberwave Systems 
Carrie Andre MS 2001; current PhD student expected 4/04 
Ojin Kwon MS 2002; current PhD student expected 4/05 
 
 
Awards for ARO-supported students 
 
Robert Sieg 

• Best presentation, TMS Electronic Materials Conference 1998 
• Ohio Space Grant Consortium Fellow 
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John Carlin 
• NASA Graduate Student Researcher Program Fellow 

Carrie Andre 
• OSU University Fellow 
• Ohio Space Grant Consortium Fellow 
• OSU Presidential Fellow 

 
MIT 
Fully and partially ARO-supported students at MIT 
 
Name   Degree/yr  position   
Sanjeev Makan  MS, 1997  Fidelity Investments 
Srikanth Samavedam Ph.D., 1998  Motorola   
Mayank Bulsara Ph.D., 1998  Amberwave Systems Corp. 
Steve Ting  Ph.D., 1999  TSMC 
Andy Kim  Ph.D., 2000  Lumileds 
Chris Leitz  Ph.D., 2002  Amberwave Systems Corp. 
Vicky Yang  Ph.D., 2002  Amberwave Systems Corp. 
Michael Groenert Ph.D., 2002  Infineon 
Gianni Taraschi  Ph.D., 2003  MIT Postdoc/ Dept. of Materials Sci. & Eng. 
Lisa McGill  Ph.D., 2003  Intel, Portland, Oregon 
Arthur Pitera  PhD anticipated 
Nava Ariel  PhD anticipated 
David Isaacson  PhD anticipated 
  
Awards for ARO-supported students 
 
Advisor, Best Student  TMS/IEEE Electronic Materials Conference 1997 
Paper Award     (Sri Samavedam)  
Advisor, Best Student  TMS/IEEE Electrical Materials Conference 
Presentation Award   (Andrew Kim)     1999 
Advisor, Best Student  TMS/IEEE Electrical Materials Conference 
Presentation Award   (Christopher Leitz)     2000 
Advisor, Best Graduate MRS      2001 
Graduate Student Gold Award  (Christopher Leitz)  
Advisor, Best Student  MRS      2001 
Poster Award   (Michael Groenert) 
Graduate Student Gold Award (Michael Groenert), Spring MRS  2002 
Graduate Student Gold Award (Gianni Taraschi), Fall MRS   2002 

 
Awards for Eugene Fitzgerald (past year) 
Eugene Fitzgerald received a chaired professorship at MIT: The Merton C. Flemings – SMA 

Professor of Materials Engineering (1/03-12/31/07) 

 
  3. Report of Inventions 
U.S. Provisional Patent Application Ser. No. 60/406,882, “Improved Fabrication Method for 
Monocrystalline SiGe on Any Substrate”, by Eugene A. Fitzgerald and Gianni Taraschi, MIT Case 
No. 9973 
 
U.S. Patent Application Ser. No. 10/632,442 claiming priority to U.S. Provisional Patent Application 
Ser. No. 60/400,754 for “Yellow-Green Epitaxial Transparent Substrate-LEDS and Lasers Based on 
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Strained InGaP Quantum Well Grown on an Indirect Bandgap Substrate”, by Eugene Fitzgerald and 
Lisa McGill, MIT Case No. 9944 
 
Patent No. 6,805, 744, “Method of Producing Device Quality (AL) INGAP Alloys on 
Lattice-Mismatched Substrates”, by Andy Kim and Eugene Fitzgerald, MIT Case No. 8288 
 
International Patent Application Ser. No. PCT/US2005/042865, U.S Patent Application Ser. 
No. 10/999486, “Relaxed Ge and High-Ge Content Silicon-Germanium Alloy in Si with Low 
Dislocation Defects and Method for Making Same”, by Eugene Fitzgerald and Minjoo Larry 
Lee, MIT Case No. 11326 
 
International Patent Application Ser. No. PCT/US2005/035828, US Patent Application Ser. 
No. 10/956485, “Semiconductor Devices Having Bonded Interfaces and Methods for Making 
the Same”, MIT Case No. 11368 
 
International Patent Application Ser. No. PCT/US2005/035595, U.S Patent Application Ser. 
No. 10/956481, “Strained Gettering Layers for Semiconductor Processes”, by David M. 
Isaacson, Eugene Fitzgerald, and Gianni Taraschi, MIT Case No. 11303 
 
 
4.  Scientific Progress and Accomplishment 
This section reviews the scientific progress made under this contract since the last interim 
report (covers period 7/03-1/05).  We review selected publications in this time period to 
highlight particular advances. 
 
Strained SiGe Carrier Transport in MOSFETs 
The ARO funding has supported basic work in relaxed SiGe and heterostructure grown 
thereon in the previous contract.  In this contract period, we have largely finished this work, 
giving a heading to device engineers and industry which can lead to ever-more advanced 
versions of strained silicon germanium technology.  In this period, we have been able to map 
mobility enhancements as a function of lattice constant, structure, and strain.  This mapping 
has been published in Fitzgerald, E.A., M.L. Lee, C.W. Leitz and D.A. Antoniadis, “MOSFET 
Channel Engineering Using Strained Si, SiGe, and Ge Channels”, (Invited), 203rd Electrochemical 
Society Meeting, Spring, April 27-May 2nd 2003, Volume 2003-01, (Paris, France) 2003. 
 



9 

 
 
Lattice-Engineered Si-based Substrates 
We had earlier realized that our progress in creating larger lattice constants such as SiGe on 
Si had created additional opportunities in inventing new engineered substrates, previously 
perceived to be impossible to create.  The ability to engineer a different lattice on a 
substantially silicon substrate results in the ability to transfer large diameter thin layers of a 
different lattice to a handle silicon substrate (typically coated with an SiO2 layer to aid in 
bonding). 
 
The first demonstration of a wafer-scale engineered substrate ( we had previously 
demonstrated the concept with pieces) was creating germanium on insulator (GOI) by 
transferring Ge onto a SiO2/Si wafer from a Ge/Si1-xGex/Si lattice-engineered wafer.  A 
strained SiGe layer was incorporated so that after layer exfoliation, the implant damage could 
be removed by etching to the embedded strained SiGe etch stop.  This process has a great 
advantage as CMP or chemical etch methods to remove exfoliation implant damage results in 
a final GOI structure which has a large thickness variation in the top Ge layer. 
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As in most innovative research, by combining wafer-bonding, lattice-engineering, and 
strained layer etch stops, we discovered new phenomenon that also lead to innovative 
structures.  We noticed that the H implant, used in the exfoliation process, gettered H 
preferentially and changed the orientation of the H platlets that nucleate.  This work led not 
only to a better understanding of the exfoliation process and the interaction of implanted ions 
with strained layers, but it also suggested novel ways in which we can improve the 
exfoliation process. 
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After understanding the materials science and physics behind the interaction between H 
implants and tensile strained SiGe layers embedded in the metamorphic Ge layer on Si, we 
were able to optimally design a double-strained-layer system in which one strained layer was 
used to enhance the exfoliation process and the other strained layer was used to act as an 
etch-stop layer.  This structure was shown to be an ideal system for creating uniform GOI 
with a reduced dose (or lower temperature) for the exfoliation process.  The reduced dose 
option lowers the cost of the overall process, whereas the lower temperature helps open up 
the window for transfer of temperature sensitive layers, or to more temperature sensitive 
substrates.  These results are captured in the ECS2004 proceedings: 

 
 
Ending our summary of our work in the Lattice-Engineered Substrates is our work on 
creating strained silicon on silicon (SSOS).  By transferring a strained silicon layer directly to 
another silicon wafer (without oxide in between) we were able to demonstrate the first 
homochemical heterojunction, in which the strain-state of the material defines the band 
offsets of the heterostructure.  These results were also presented at the ECS2004 meeting and 
published in the proceedings: 
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III-V/Si Integration: Materials 
The ARO program has previously led to the development of high quality III-V materials 
deposited on silicon substrates using SiGe interlayers.  This promising work has led to 
impressive device demonstrations (see a later section) but also has spurred more materials 
investigations, resulting in further advancement. 
 
One of the questions that has arisen is that, even though we have achieved high quality 
material with near-equilibrium lattice constants of III-V materials at room temperature, there 
will still be a critical thickness for cracking due to the difference in thermal expansion 
coefficient between III-V materials and the silicon substrate.  We investigated the critical 
thickness for cracking in III-V layers on silicon, with and without SiGe interlayers.  This 
information is critical for the design of integrated, planar III-V/Si devices. 
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In addition to understanding the formation of cracks, we also wanted to determine the impact 
of misfit and threading dislocation density on the luminescence efficiency of InGaAs 
quantum wells grown on metamorphic Ge/SiGe/Si.  To this end, we deposited control 
InGaAs quantum wells on Si, GaAs, Ge, and Ge/SiGe/Si substrates and compared the 
materials with structural characterization techniques as well as with quantitative 
cathodoluminescence.  An interesting result is that the quantum wells on Ge/SiGe/Si emit 
more luminescence than the control Ge substrate, and close to the amount of luminescence on 
GaAs control samples. 
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Finally, we also performed a set of experiments to elucidate the effect of threading 
dislocation density on solar cell III-V structures on top of Ge/SiGe/Si substrates.  It was 
discovered that n+/p and p+/n structures behave very differently.  This can be understood by 
the fact that the minority carrier diffusion length of electrons is much larger than the minority 
carrier diffusion length of holes in III-V material.  Thus, for III-V solar cells integrated on 
silicon, which will possess some residual threading dislocation density, p+/n junctions will 
out-perform n+/p junctions.  A model was developed to further understanding of 
recombination in these structures. 

 
 
Metamorphic III-V Integration 
We have continued our efforts to generalize the metamorphic engineering we have gained in 
the SiGe/Si materials system to III-V materials systems.  One of the systems we have 
continued to explore under the ARO contract is the InGaP/GaP materials system.  This 
materials systems offers a way to reach direct band gaps that span from the red to the green.  
However, relaxed InGaP metamorphic graded layers tend to show the appearance of phase-
separated regions (that can lead to defective regions) which we have explored in InGaAs and 
InGaP systems.  We have further studied these defects in metamorphic InGaP.  We have 
proven that these regions are likely to be caused by In concentration differences between 
regions. 
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Device Demonstrations 
As we have always stretched to do under the ARO grant (and by leveraging other funding), 
we perform device demonstrations incorporating our materials advances.  This philosophy 
proves that we are truly making process in creating new materials and structures that are 
useful, but also lead to revealing important areas for further materials research.  Publications 
that transmit such device demonstrations published in this period are: 
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 5.  Technology Transfer 
Bridging the university-commercialization gap is always a difficult process.  We have previously been 
successful at commercializing ARO basic research concepts.  For example, we formed AmberWave 
Systems Corporation and it has successfully transferred strained silicon technology to the marketplace.  
This process also created intellectual interest in this process, and we consider commercialization of 
other ARO concepts to be of high priority. 
 
To this end, two ventures have been created to help commercialize our research output.  Prof. 
Fitzgerald and Prof. Ringel have formed 4Power LLC, a company that will explore commercializing 
high efficiency solar cell technology on silicon, fabricated in a silicon fabrication environment.  
Additionally, Prof. Fitzgerald has formed Paradigm Research LLC, an organization meant to facilitate 
technology transfer to other organizations besides start-up enterprises. 
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