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Niebieska optoelektronika




Niebieski laser
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Domieszkowanie...




Neutralny donor
w przyblizeniu masy efektywnej
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Problem bardzo zblizony do rozwazan ekscytonowych!

J. Luttinger and W. Kohn, Physical Review 97 ,869 (1955)
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Widmo atomu wodoru
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Donor
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Stany domieszkowe
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Energia wigzania donora

WARSAW UNIVERSITY
FACULTY OF PHYSICS
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Neutralny donor
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Wodor w polu magnetycznym
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P.C. Makado and N. C. McGill, J. Phys. C 19, 873 (1986)




Wodor w polu magnetycznym

e P C.Macado and N. C. McGill,
J. Phys. C: Solid State Physics 19, 873 (1986)

e W. Rosner, G. Wunner, H. Herold and H. Ruder,
J. Phys. B: At. Mol. Phys. 17, 29 (1984)

e A.V. Turbiner,
J. Phys. A: Math. Gen. 17, 858 (1984)

e Y.P Kravchenko, M.A. Liberman, B. Johanson,
PRB 54, 287 (1996)
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Y. P. Kravchenko, M.A. Liberman, B. Johanson, PRB 54, 287 (1996)



Transmisja w dalekiej podczerwieni
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Informacja o masie efektywnej!




Ptytki donor w GaN
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Fig. 1. Transmission spectra of an undoped GaN layer on sapphire, measured at 2K, normalised by
the transmission of a sapphire slab identical to the substrate

,,Far-Infrared Magnetospectroscopy of Shallow Donors in GaN”
A.M. Witowski et al., phys. stat. sol. (b) 210, 385 (1998)
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FIG. 1. Positions of 1s—2p_ (lower set of points) and 1s—2p, transi-
tions (upper set) vs external magnetic fields measured at 4.5 K. Crosses
(circles) denote data for undoped (Si doped) GaN layers grown on sapphire.
In the inset transmission of the doped sample normalized by the transmis-
sion of a sapphire slab is presented measured at 0 (solid line), 8 (dotted
line), and 16 T (dashed line).

A. M. Witowski, K. Pakula, J. M. Baranowski, M. L. Sadowski and P. Wyder,
APL 75,4154 (1999)



Zobaczyc¢ funkcje falowa donora —
np. przy uzyciu mikroskopu tunelowego
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FIG. 2. A scanning tunneling microscope (schematic). [(z)=1lge™ """ (1)



Sprawdzenie mikroskopu tunelowego — na graficie HOPG ...

Height Angle Surface Normal Clear Calculator
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HOPG (Highly Oriented Pyrolitic Graphite)

1.0 nA
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Digital Instruments NanoScopre

Scan size 2.000 nmM
Scan rate 54.93 Hz
Number of samples 512
Image Data Current
Data scale 1.000 nA



lgty muszg byc¢ ostre...

FIG. 8. (Color in online edition) Scanning electron micrograph
of a micromachined silicon cantilever with an integrated tip
pointing in the [001] crystal direction (Wolter et al., 1991). This
is a Pointprobe sensor made by Nanosensors GmbH und Co.
KG. Norderfriedrichskoog, Germany D-25870. Photo courtesy
of Nanosensors GmbH & Co. KG.

FIG. 13. Transmission electron micrograph of an extremely
sharp silicon tip. The native oxide has been etched away with
hydrofluoric acid before imaging. The 15-20-A-thick coating
of the tip is mostly due to hyvdrocarbons which have been po-
lymerized by the electron beam. Interestingly, the crystal struc-
ture appears to remain bulklike up to the apex of the tip. From
Marcus et al.. 1990.



VOLUME 72, NUMBER 10 PHYSICAL REVIEW LETTERS 7 MARCH 1994

Scanning Tunneling Microscopy Studies of Si Donors (Sig,) in GaAs

J.F. Zheng,"? X. Liu,' N. Newman,' E. R. Weber, "2 D. F. Ogletree,” and M. Salmeron?

' Department of Materials Science, University of California at Berkeley, Berkeley, California 94720
2Materiais Science Division, Lawrence Berkeley Laboratory, Berkeley, California 94720
(Received 26 July 1993)

We report scanning tunneling microscopy (STM) studies of Si substitutional donors (Siga) in GaAs
that reveal delocalized and localized electronic features corresponding to Siga in the top few layers of the
(110) cleavage surface. The delocalized features appear as protrusions a few nm in size, superimposed
on the background lattice. These features are attributed to enhanced tunneling due to the local pertur-
bation of the band bending by the Coulomb potential of subsurface Siga. In contrast, STM images of
surface Siga show very localized electronic structures, in good agreement with a recent theoretical pre-
diction [J. Wang et al., Phys. Rev. B 47, 10329 (1993)].

FIG. 3. STM images of the protrusion region D in Fig. 1 taken with tunneling current of 0.5 nA at various sample voltages. The
sample voltages are (a) —3 Vi (b) —2.0V, (c) —1.5V; (e) +3.0 V; () +2.0 V; and (g) +1.5 V. The topographic profiles along
the [110] direction (indicated by the arrows) across the features are shown in (d) and (h). All images are 60 Ax60 A in size.



Rekombinacja ekscytonow
zwigzanych jako narzedzie badan
domieszek...



Przeglad kompleksow ekscytonowych

Ekscyton zwiazany N =
B

* na neutralnym donorze DX X ¢ = T

* na neutralnym akceptorze A°X DOX loc

* na zjonizowanym donorze D*X AOX l«

* na zjonizowanym akceptorze A-X

&

Jak zidentyfikowac poszczegolne linie ekscytonowe?

Nie jest to tatwe!

Pomaga pole magnetyczne...




Luminescencja ekscytonowa w GaN
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A. Wysmolek et al. PRB 74, 195205 (2006)



Donor tlenowy donor krzemowy
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Ekscyton zwigzany na neutralnym donorze (D)
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Rozszczepienia spinowe — konfiguracja B1c
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Intensity (arb. units)
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Zachowanie typowe
dla D9X!



Rozrézniamy donory o réoznych energiach wigzania...

(s1un "qre) AyIsuau]

3.48

3.47

3.46

3.45

3.44

Energy (eV)



R6zne kanaty rekombinaciji DX
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ldentyfikujemy przejscia uzywajac pola magnetycznego
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Rekombinacja par donor-akceptor

(jeden z podstawowych kanatdow rekombinacji promienistej

potprzewodnikach domieszkowanych)



Pary donor-akceptor

Epm=E,-E,-Ep+ e¢/(€R)



Emisja par donor-akceptor
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Emisja par donor-akceptor w GaN
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,Historyczne” widma par w GaP

A272 THOMAS, GERSHENZON, AND TRUMBORE
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F1G. 2. The photoluminescent spectra (on arbitrary scales) of type I4 and Ip crystals taken at 1.6°K. The lines marked Rb are rubi-
dium calibration lines. The small numbers indicate the shell numbers of the pair spectra. 4, B, and C are bound exciton lines. The

arrows indicate some positions for which N (r) =0, and mark a gap in the spectra. The type I4 crystals are grown without the addition
of impurities; the Ip crystals are produced by adding Te.

D. G. Thomas et al. Phys. Rev. 133, A269 (1964)



Luminescencja par donor-akceptor w GaAs

Szerokie linie luminescencyjne! Czy z tego mozna cos wydobyc¢?
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Selektywne pobudzanie — uzyteczna technika
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Selektywna spektroskopia par donor-akceptor
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B=230 T v=0.01 A new magnetic white dwarf : PG2329+267 3
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Figure 1. The spectrum of PG 23294267 (top) taken with the INT clearly shows Zeeman splitting of the hydrogen Balmer lines due to
the presence of a magnetic field. The spectra of two non-magnetic white dwarfs are offset below for comparison. The vertical lines are
placed at the rest wavelengths of the Balmer lines and aid detection of the quadratic zeeman shift in the spectrum of PG 2329+4-267.

C. Moran, T. R. Marsh, and V. S. Dhillon (1998)



