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I. SUMMARY OF RESEARCH ACCOMPLISHMENTS (1984-1986) .

UNDER DARPA/ARO SUPPORT ~c

(J.F. Schetzina and J.11. Cook, Jr., Co-Principal Investigators)D

A. MBE GROWTH OF HG-BASED FILMS, QUANTUM WELL STRUCTURES, AND SUPERLATTICES

Wie have designed and constructed at NCSU a mercury-compatible MBE system

which features a cryopumped UHV main chamber, a specially design Hg source,

a load-lock for introducing and retrieving substrates and epilayers, and a

preparation/analysis chamber which features a high temperature (1000 C)

substrate bakeout station, a sputter etch station, a reverse view LEED

facility, and a metallization station. The system became operational in

February, 1984. Since that time, the MBE system has been successfully

employed to grow high mobility HgCdTe, high mobility HgTe, HgTe-CdTe

superlattices, and more recently Hg-based diluted magnetic semiconductor films

(HgMnTe) and superlattices (HgMnTe-HgTe). This work has been extremely

successful as is evident by the number of papers presented at scientific

meetings, by the invited talks given at many universities and industrial

laboratories, and by the numerous articles in refereed journals of physics and

materials science that this work has produced. MBE growth of Hg-based

i'



compounds and quantum well structures will continue to be emphasized at NCSU

in the months ahead.

B. CONTROLLED SUBSTITUTIONAL DOPING OF CdTe

We have invented a new technique for the doping of compound semiconductor

films: photo-assisted molecular beam epitaxy. This new technique has been

employed to obtain immediate and significant improvements in the control of

the electrical properties of n-type and p-type CdTe. In the photoassisted MBE

process, the substrate is illuminated during film growth. In our initial

work, the output from an argon ion laser was used to illuminate the substrate

during CdTe:In film growth. In connection with the substitutional doping

process, the rationale for this approach is to provide, by means of the

incident photon beam, the energy required to surmount surface potential

barriers which might ordinarily prevent or limit the incorporation of the

dopant species at tetrahedrally-bonded sites, and thus increase the degree of

dopant activation. Note that each of the photons in such a laser beam carry

approximately 2.4 eV of energy, which is much larger than the thermal

interaction energies (phonon energies) available at substrate temperatures

normally employed in MBE film growth of CdTe and other semiconductors. As a

consequence, the photon beam may be expected to have a pronounced influence on

the surface chemisty during film growth through modification of surface bonds,

conversion of surface molecules into atoms, etc.

Our initial experimental results are most encouraging. Both n-type and

p-type CdTe films have been growth. SIMS studies of n-type layers coupled

with Hall effect measurements have provided evidence that the photo-assisted

MBE technique gives rise to essentially 100% activation of the dopant when

optimum growth conditions are employed. Pronounced changes in the



luminescence spectrum of CdTe also accompany doping, which provide additional

direct evidence that highly activated layers have been grown. Antimony has

been used as a dopant for growth of p-type CdTe. Again, when grown under

illumination, doped epilayers result, as determined by hall and lumininescence

experiments.

We have also recently used the photo-assisted MBE technique to prepare
"p

the world's first thin film p-n junctions of CdTe. These junctions show good

rectification properties. This accomplishment is of particular significance

since n-type and p-type CdTe may be used in a double heterostructure involving

HgCdTe or HgTe-CdTe superlattices. Because of the band gap variability of the

Hg-based compounds with Hg content, such structures might be employed to

*. create new solid state light sources and/or detectors which could operate at

selected wavelengths throughout the infrared spectral region.

C. GROWTH OF CdMnTe-CdTe KULTILAYER STRUCTURES AND SUPERLATCTIES

Continuing progress has been made in the growth and study of CdMnTe-CdTe

quantum well structures. In particular, a number of superlattices have been

prepared which exhibit stimulated emission when optically pumped.

In collaboration with D. Heiman and E. Isaacs of the MIT National Magnet

Laboratory, magnetically tunable stimulated emission has been observed in

dilute magnetic semiconductor superlattices. The tuneability range of the

emission was found to be much larger (by a factor of fifty) than for that of

,. -.. non-magnetic semiconductors. This is due to the magnetic exchange interaction

which occurs between the Mn ions and the conduction band electrons and valence

band holes. This interaction gives rise to large positive electronic

g-factors so that the band gap of of DMS materials changes appreciably under

an applied magnetic field. This collaborative work is continuing at the

Jq,



present time.

D. SUBSTITUTIONAL DOPING OF CdHnTe FILMS AND CdMnTe-CdTe SUPERLATTICES

Very recently, we have successfully used the photo-assisted MBE technique

to grow conducting CdMnTe:In films. Electrical and optical characterization

studies of these new doped layers are currently being completed. In addition,

we have grown the first conducting superlattices of CdMnTe-CdTe by using a

modulation doping technique under photo-assisted MBE conditions. These

experiments, along with accompanying characterization experiments, are

continuing and will be emphasized during the months ahead.
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II. SUMMARY OF RESEARCH PUBLICATIONS UNDER DOD SUPPORT (1984-1986)

PUBLICATIONS IN REFEREED JOURNALS (1984-1986)

1. "Growth of (100) CdTe Films of High Structural Perfection on (100)
GaAs Substrates by Molecular Beam Epitaxy", R.N. Bicknell, R.W. Yanka,
N.C. Giles, T.J. McGee, C. Leung, H. Kawayoshi, and J.F. Schetzina,
Appl. Phys. Lett. 44, 313 (1984).

2. "High Quality Epitaxial Films of CdTe on Sapphire", H.S. Cole, H.H.
Woodbury, and J.F. Schetzina, J. Appl. Phys. 55, 3166 (1984).

3. "Growth of CdTe Films on Alternative Substrates by Molecular Beam
Epitaxy", R.N. Bicknell, T.H. Myers, and J.F. Schetzina, J. Vac. Sci.
Technol. A 2, 423 (1984).

4. "Planar Magnetron Sputtering of a-Si:H and a-Ge:H Thin Films", R.A.
Rudder, J.W. Cook, Jr., G. Lucovsky, and J.F. Schetzina, J. Vac. Sci.
Technol. A 2, 326 (1984).

5. "Determination of Support and Reduction Effects for Pt/Al 0 and
Pt/SIO2 by X-Ray Absorption Spectroscopy", A.N. Mansour, 3.4. Cook,
Jr., D.E. Sayers, R.J. Emrich, and J.R. Katzer, J. Catal. 89, 462
(1984).

6. "High Photoconductivity in Dual Magnetron Sputtered Amorphous
Hydrogenated Silicon and Germanium Alloy Films, R.A. Rudder, J.W.
Cook, Jr., and G. Lucovsky, Appl. Phys. Lett. 45, 887 (1984).

7. "Properties and Applications of CdTe/Sapphire Epilayers Grown by
Molecular Beam Epitaxy", T.H. Myers, N.C. Giles-Taylor, R.W. Yanka,
R.N. Bicknell, J.W. Cook, Jr., J.F. Schetzina, S.R. Jost, H.S. Cole,
and H.H. Woodbury, J. Vac. Sci. Technol. A 3, 71 (1985).

8. "Photoluminescence of CdTe: A Comparison of Bulk and Epitaxial
Material", N.C. Giles-Taylor, R.N. Bicknell, D.K. Blanks, T.H. Myers,
and J.F. Schetzina, J. Vac. Sci. Technol. A 3, 76 (1985).

9. "Properties of Cd1  Mn Te-CdTe Superlattices Grown by Molecular Beam
Epitaxy", R.N. Bic9elf, N.C. Giles-Taylor, D.K. Blanks, R.W. Yanka,
E.L. Buckland, and J.F. Schetzina, J. Vac. Sci. Technol. B 3, 709
(1985).

10. "Properties of Cd Mn Te-CdTe Quantum Well Structures and Superlattices
Grown by MBE", R.hxBixknell, N.C. Giles-Taylor, D.K. Blanks, R.W.
Yanka, E.L. Buckland, and J.F. Schetzina, Proc. Mater. Res. Soc. 37,
35 (1985).



11. "Observation of the CdTe-GaAs Interface by High Resolution Electron
Microscopy", N. Otsuka, L.A. Kolodziejski, R.L. Gunshor, S. Datta,
R.N. Bicknell, and J.F. Schetzina, Proc. Mater. Res. Soc. 37, 449
(1985).

12. "High Resolution Electron Microscope Study of Epitaxial CdTe-GaAs
Interfaces", N. Otsuka, L.A. Kolodziejski, R.L. Gunshor, S. Datta,
R.N. Bicknell, and J.Y. Schetzina, Appl. Phys. Lett. 46, 860 (1985).

13. "Stimulated Emission from a Cd1 _MnxTe-CdTe Multilayer Structure", R.N.
Bicknell, N.C. Giles-Taylor, N.G. Anderson, W.D. Laidig, and J.F.
Schetzina, Appl. Phys. Lett. 46, 238 (1985).

14. "Photoluminescence of a Cd0 .Mn n 4 4Te-CdTe Multiple Quantum Well
Structure in a Magnetic FielW, X Petrou, J. Warnock, R.N. Bicknell,
N.C. Giles-Taylor, and J.F. Schetzina, Appl. Phys. Lett. 46, 692 (1985).

15. "Growth of Higi, Quality (100) CdTe Films on (100) GaAs Substrates by
Molecular Beam Epitaxy", R.N. Bicknell, N.C. Giles-Taylor, R.W. Yanka,
and J.F. Schetzina, J. Vac. Sci. Technol. B 2, 417 (1985).

• 16. "Reflectance of AlAs-GaAs and In .,Gao As Superlattices", W.D.
Laidig, D.K. Blanks, and J.F. Sc tzina;3. Appl. Phys. 56, 1791 (1985).

17. "Thin Films of a-Sii Ge Alloys by Dual Magnetron Sputtering in a UHV
Chamber", R.A. Rudder, JXV. Cook, Jr., and G. Lucovsky, J. Vac. Sci.
Technol. A 3, 567 (1985).

18. "Growth and Characterization of CdTe, Mn Cd. Te, Zn Cdi Te, andx x x 1§x
*". CdSe Te Crystals", K.Y. Lay, N.C. Giles-+aylor, J.F. Schetzina, and

K.J. Baccfiann, J. Electrochem. Soc. 133, 1049 (1986).

19. "Dilute Magnetic Semiconductor (Cd Mn Te) Quantum-Well Laser", R.N.
Bicknell, N.C. Giles-Taylor, D.K. hanks, J.F. Schetzina, N.G. Anderson,
and W.D. Laidig, Appl. Phys. Lett. 46, 1122 (1985).

21. "Photoluminescence of Cd, Mn xTe-CdTe Multiple Quantum Wells and Super-

lattices in a Magnetic F e d", J. Varnock, A. Petrou, R.N. Bicknell,
N.C. Giles-Taylor, D.K. Blanks, and J.F. Schetzina, Phys. Rev. B 32,
8116 (1985).

22. "Strain Effects in Cd Mn Te-CdTe Superlattices", D.K. Blanks, R.N.
Bicknell, N.C. Giles-+aylor, J.F. Schetzina, A. Petrou, and J. Warnock,
J. Vac. Sci. Technol. B 4, 635 (1986).

23. "Growth of CdTe and HgCdTe by Molecular Beam Epitaxy", K.A. Harris, S.
Hwang, D.k. Blanks, J.W. Cook, Jr., and J.F. Schetzina, J. Vac. Sci.
Technol. B 4, 581 (1986).

24. "Strain Effects in Cd Mn Te-CdTe Superlattices", D.K. Blanks, R.N.
Bicknell, N.C. Giles-+aylor, J.F. Schetzina, A. Petrou, and J. Warnock,
J. Vac. Sci. Technol. A 4, 2120 (1986).
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25. "Stimulated Emission from Cd1 -Mn Te-CdTe and Cd. Mn Te-Cd1  Mn Te
Multiple Quantum Well Structures", R.N. Bicknell, C. Giles:ay~or,
N.G. Anderson, W.D. Laidig, and J.F. Schetzina, J. Vac. Sci. Technol.
A 4, 2126 (1986).

26. "Magnetically Tunable Diluted Magnetic Semiconductor (CdMnTe) Quantum
Well Laser", E. Isaace, D. Heiman, J.J. Zayhowski, R.N. Bicknell, and
J.F. Schetzina, Appl. Phys. Lett. 48, 275 (1986).

27. "Deposition of a-Si,Sn:H Alloy Films by Reactive Magnetron Sputtering
from Separate Si and Sn Targets", G.N. Parsons, J.W. Cook, Jr., G.
Lucovsky, S.Y. Lin, and M.J. Mantini, J. Vac. Sci. Technol. A 4, 470
(1986).

28. "Growth of High Mobility N-Type CdTe by Photoassisted Molecular Beam
Epitaxy", R.N. Bicknell, N.C. Giles, and J.F. Schetzina--to appear in
Appl. Phys. Lett. Oct. 22, 1986 issue.

29. "An Electroreflectance Study of CdTe Films", W.S. Enloe, J.C. Parker,
J. Vespoli, T.H. Myers, R.L. Harper, and J.F. Schetzina, to appear in
Jour. Appl. Phys.

30. "Electrical and optical properties of P and As doped Cd Mn Te", P.
Becla, D. Kaiser, N.C. Giles, Y. Lansari, and J.F. Scheizna'-submitted
to the Journal of Applied Physics.

31. "Optical Properties of Doped Cd1 Mn Te", Y. Lansari, N.C. Giles, J.F.
Schetzina, P. Becla, and D. Kaiser-- o be published in the Proceedings
of the 1986 Materials Research Society Symposium on Diluted Magnetic

-' Semiconductors.

32. "Controlled Substitutional Doping of CdTe", R.N. Bicknell, N.C. Giles,
and J.F. Schetzina--to be published in the Proceedings of the 1986
Materials Research Society Symposium on Infrared Detectors and Sources.

33. "P-Type CdTe Epilayers Grown by Photoassisted Molecular Beam Epitaxy",

R.N. Bicknell, N.C. Giles, and J.F. Schetzina--submitted to Appl. Phys.
Lett.

34. "A Mercury Source for Molecular Beam Epitaxy", K.A. Harris and J.W.
Cook, Jr., submitted for publication in Jour. Vac. Sci. Technol.

35. "Electrical and Optical Properties of P and As Doped Cd Mn Te", P.
Becla, D. Kaiser, N.C. Giles, Y. Lansari, and J.F. ScheTzna, submitted
for publication in Jour. Appl. Phys.

36. "Growth of HgCdTe and Other Hg-Based Films and Multilayers by Molecular
Beam Epitaxy", K.A. Harris, S. Hwang, D.K. Blanks, J.W. Cook, Jr., and
J.F. Schetzina, Proceedings of the 1986 Seoul International Symposium on
the Physics of Semiconductors and Its Applications, Seoul National
University, Seoul, Korea (1986).

37. "Properties of Hg-Based Films, Quantum Well Structures, and Super-
lattices Grown by Molecular Beam Epitaxy", K.A. Harris, S. Hwang, Y.



Lansari, J.W. Cook, Jr., and J.F. Schetzina, Proceedings of the 1986
International Symposium on the Physics of Semiconductors and Its Appli-
cations, Seoul National University, Seoul, Korea (1986).

38. "Stimulated Emission from Cd Mn Te-CdTe and Cdl Mn Te-Cdi Mn Te•1-x,.x 1- x .
Multiple Quantum Well Structures , N.G. Anderson, w.D. Laid1, R.N.
Bicknell, N.C. Giles-Taylor, and J.F. Schetzina, Proceedings of the
KOSEF/NSF Joint Seminar on the Physics of Semiconductor Materials and
Applications, Korea Advanced Institute of Science & Technology, Seoul,
Korea (1986).

39. "Strain Effects in Cd1  Mn Te-CdTe Superlattices", A. Petrou, J.
Warnock, D.K. Blanks, RXN.XBicknell, N.C. Giles-Taylor, and J.F.
Schetzina, Proceeding of the KOSEF/NSF Joint Seminar on the Physics of
Semiconductor Materials and Applications, Korea Advanced Institute of
Science and Technology, Seoul, Korea, (1986).

40. "Controlled Substitutional Doping of CdTe Films", R.N. Bicknell, N.C.
Giles, and J.F. Schetzina, 1986 U.S. Workshop on MCT (Dallas)--to be
published in Jour. Vac. Sci. Technol.

41. Low-Temperature Photoluminescence Study of Doped CdTe Films Grown by
MBE", N.C. Giles, R.N. Bicknell, and J.F. Schetzina, 1986 U.S. Workshop
on MCT (Dallas)--to be published in Jour. Vac. Sci. Technol.

42. "Properties of Hg-Based Films, Quantum Well Structures, and
Superlattices Grown by MBE", K.A. Harris, S. Hwang, Y. Lansari, J.W.
Cook, Jr., and J.F. Schetzina, 1986 U.S. Workshop on MCT (Dallas)
--to be published in Jour. Vac. Sci. Technol.

43. "Far-Infrared Magneto-Absorption in HgTe/CdTe and Hg1 Mn Te/HgTe
Superlattices", M. Dobrowolska, Z. Yang, H. Luo, J.K.-furgyna, K.A.
Harris, J.W. Cook, Jr., and J.F. Schetzina, 1986 U.S. Workshop on MCT
(Dallas)--to be published in Jour. Vac. Sci. Technol.

44. "Transmission Electron Microscope Study of Hg-Based Multilayer
Structures", N. Otsuka, K.A. Harris, J.W. Cook, Jr., and J.F.
Schetzina, 1986 U.S. Workshop on MCT (Dallas)--to be published in
Jour. Vac. Sci. Technol.

45. "Far-Infrared Magnetospectroscopy of HgTe and Hg Mn Te Monolayers
Grown by MBE", H. Luo, M. Dobrowolska, Z. Yang, 1-1. furdyna, K.A.
Harris, J.W. Cook, Jr., and J.F. Schetzina, 1986 U.S. Workshop on
MCT (Dallas)--to be published in Jour. Vac. Sci. Technol.

46. "Quantum Well Structures and Superlattices Composed of DMS Layers
Grown by MBE", J.F. Schetzina, to be published in the Proceedings of
the 1986 Materials Research Society Symposium on Diluted Magnetic
Semiconductors.

47. "Dilute Magnetic Semiconductor Superlattices Containing Hg, Mn Te",
K.A. Harris, S. Hwang, Y. Lansari, R.P. Burns, J.W. Cook, r., and
J.F. Schetzina, to be published in the Proceedings of the 1986 Mater-
ials Research Society Symposium on Diluted Magnetic Semiconductors.
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48. "Far Infrared Magneto-Absorption in Hg Mn Te/HgTe Superlattices",
Z. Yang, M. Dobrowolska, H. Luo, J.K. iurdyxa, K.A. Harris, J.W.
Cook, Jr., and J.F. Schetzina, to be published in the Proceedings of
the 1986 Materials Research Society Symposium on Diluted Magnetic
Semiconductors.

49. "Transmission Electron Microscopy Study of Hg-Based Multilayer
Structures", N. Otsuka, K.A. Harris, J.W. Cook, Jr., and J.F.
Schetzina, to be published in the Proceedings of the 1986 Materials
Research Society Symposium on Infrared Detectors and Sources.

50. "Low Temperature Photoluminescence Study of Doped CdTe Films Grown
by MBE, N.C. Giles, R.N. Bicknell, and J.F. Schetzina, to be published
in the Proceedings of the 1986 Materials Research Society Symposium on
Infrared Detectors and Sources.

51. "Characterization of MCT Epilayers and HgTe-CdTe Superlattice Layers",
T.H. Myers, J.P. Kairns, K.A. Harris, S. Hwang, D.K. Blanks, J.W. Cook,
Jr., and J.F. Schetzina, to be published in the Proceedings of the 1986
Materials Research Society Symposium on Infrared Detectors and Sources.

52. "IMBE Growth of Mercury Cadmium Telluride: Issues and Practical
Solutions", J.W. Cook, Jr., to be published in the Proceedings of the
1986 Materials Research Society Symposium on Infrared Detectors and
Sources.

53. "Growth and Characterization of High Quality, Low Defect, Subgrain Free
Cadmium Telluride by a Modified Horizontal Bridgman Technique", W.
Allred, A.A. Khan, B. Dean, C.J. Johnson, N.C. Giles, and J.F.
Schetzina, to be published in the Proceedings of the 1986 Materials
Research Society Symposium on Infrared Detectors and Sources.

54. "Controlled Substitutional Doping of CdTe Films Grown by MBE", R.N.
Bicknell, N.C. Giles, and J.F. Schetzina, 7th U.S. MBE Workshop
(Boston, 1986)--to be published in Jour. Vac. Sci. Technol.

55. "Growth and Properties of Dilute Magnetic Semiconductor Superlattices
Containing Hg1 xMn Te", K.A. Harris, S. Hwang, Y. Lansari, R.P. Burns,
J.W. Cook, Jr., an6 J.F. Schetzina, 7th U.S. MBE Workshop (Boston,
1986)--to be published in Jour. Vac. Sci. Technol.

56. "Far Infrared Study of Alloying in the HgTe-CdTe Superlattice", S.
Perkowitz, D. Rajavel, I.K. Sou, J. Reno, J.P. Faurie, C.E. Jones,
T. Casselman, K.A. Harris, J.W. Cook, Jr., and J.F. Schetzina, Appl.
Phys. Lett. 49, 806 (1986).

57. "Growth and Properties of Dilute Magnetic Superlattices Containing
Hgl-xMnxTe", K.A. Harris, S. Hwang, Y. Lansari, J.W. Cook, Jr., and
J.F. Schetzina, Appl. Phys. Lett. 49, 713 (1986).



INVITED PAPERS AND COLLOQUIA (1984-1986).

1. "Ultrahigh Vacuum", Society of Physics Students Invited Lecture, J.W.
Cook, Jr., North Carolina State University (1984).

2. "Properties of CdMnTe-CdTe Superlattices", Symposium on Diluted Mag-
netic Semiconductors", J.F. Schetzina, MIT Francis Bitter National
Magnet Laboratory, Cambridge, MA (1984).

3. "Properties of Superlattices Composed of II-VI Semiconductor Compounds",
J.F. Schetzina, American Chemical Society Meeting, Raleigh, NC (1984).

4. "MBE Growth of Novel II-VI Semiconductor Films and Multilayered
Structures", J.F. Schetzina, Department of Physics, University of
Maryland (1984).

5. "Mercury Cadmium Telluride Film Growth by Molecular Beam Epitaxy",
J.W. Cook, Jr., Oak Ridge National Laboratory (1985).

6. "The Growth of CdTe, HgTe, and HgCdTe Films by Molecular Beam Epitaxy",
J.W. Cook, Jr., Department of Physics and Astronomy, Clemson University
(1985).

8. "Quantum Well Structures and Superlattices Composed of II-VI Semicon-
ductors Containing Magnetic Ions, J.F. Schetzina, APS March Meeting
(Baltimore), BAPS 30, 298 (1985).

9. "Growth of Novel II-VI Semiconductor Films and Quantum Well Structures
by Molecular Beam Epitaxy", J.F. Schetzina, Department of Physics,
University of South Carolina (1985).

10. "MBE Growth of HgCdTe and Other II-VI Semiconductors", J.F. Schetzina,
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11. "Growth of HgCdTe and Other Hg-BAsed Heterostructures and Superlattices
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12. "Growth of II-VI Semiconductors by MBE", J.F. Schetzina, Rockwell
Science Center (1985).

13. "MBE Growth of II-VI Semiconductors for Infrared Detector Applications",
J.F. Schetzlna, Hughes Research Laboratory (1985).

14. "MBE Growth and Properties of II-VI Films", U.S. Army Night Vision
Laboratory, Fort Belvoir, VA (1985).

15. "Growth and Properties of Novel Quantum Well Structures Containing
Magnetic Ions", J.F. Schetzina, IBM Research Laboratory, San Jose, CA
(1985).
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16. "DMS Quantum Well Structures", J.F. Schetzina, MIT National Magnet
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17. "Molecular Beam Epitaxy of II-VI Semiconductors", J.F. Schetzina,
Ford Aerospace Laboratory, Newport Beach, CA (1985).

18. "II-VI Semiconductor Superlattices and Quantum Well Structures", J.F.
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