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Outline

Highly Mismatched Semiconductor Alloys
Conduction and Valence Band Anticrossing

Key examples of highly mismatched alloys (HMAs)
" GaN,As
" Zn0O,Se,
Group llI-Bi-V highly mismatched alloys
Electronic Band Structure Engineering of HMAs
Potential applications of HMAs (including bismides)

Conclusions and outlook
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Normal alloying: well matched alloys
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Anion Site Alloys

Electronegativities, X and atomic radii, R

* Alarge variety of
potential alloys.

* Well matched alloys:

P replacing atoms with
1.9 X=2.2 e .
similar properties
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111-Vs and |I-VIs HMASs
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Band Anticrossing in HMA:
Dilute nitride alloys: GaAs, N,
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Highly mismatched Alloys

Electronegativities, X and atomic radii, R

* Alarge variety of potential
highly mismatched alloys.

I-N,-V,
P 11-0,-VI,_,
1.9 X=2.2  Compared to normal alloys,
R=0.12 nm they are difficult to synthesize
Ge As * Require non-equilibrium
1.9 X=2.2 synthesis
R=0.13 nm
Sn Sb Te
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R=0.14 nm | R=0.14 nm




Synthesis of HMAs by ion implantation and pulsed
laser melting (I1-PLM)

Pulsed laser melting (PLM)
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TRR data reveals
liquid phase

» Lliquid phase epitaxy at submicrosecond time scales
» Supersaturation of implanted species
= Suppression of secondary phases



Alloys with local level below the direct CBE

1HI-V [-VI
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Oxygen level in ZnTe and MnTe is ~0.2 eV
below the conduction band (CB) edge
Can it be used to form a sparate band?

Energy (eV)

3.0
2.5
2.0f
1.5}
1.0f

0.5

0.0

ZnO,Teq,: x =2.0%

0 5 0 5 10
k(10°cm™)



Intermediate Band Zn, ,Mn, O,Te, , by PLM
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= An isolated intermediate band is formed in ZnMnTe, O,

K. M. Yu et al., Phys. Rev. Lett., 91, 246403-1 (2003)



Highly Mismatched Alloy
Valence Band Anticrossing (VBAC)

Electronegativities, X and atomic radii, R

* Highly electronegative anions
are partially replaced with
more metallic isovalent
atoms e. g. N-rich GaN__As,

* The metallic atoms form

P localized states close to the
1.9 X=2.2 valence band that interact
R=0.12 nm with the valence band
Ge As
1.9 X=2.2
R=0.13 nm
Sn Sb Te
2.0 2.1 2.1
R=0.14 nm | R=0.14 nm




Band anticrossing in the whole composition range: GaNAs
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HMASs over a wide composition range

GaN,_As, alloys over the entire composition range were grown by a highly non-equilibrium
synthesis method: low temperatures plasma-assisted MBE
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Zn0O,, Se,

Group II-VI compound analog of GaN,As,

15 - ' ' o | A7
o) i
=10 ; ]
E @
S S19.7% Se A
O @
= 6.4%Se -
S o5 °
d . - . i
." & 4 46%5Se o '
® .
P s” 33%Se Znof -

6 20 24 2.8
Energy (eV)

Es.=Eygyt0.9eV, C=1.2eV

3.2



Zn0O,Se, . : Electronic Structure
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Optical Properties of GaBi As,
Band gap and spin orbit splitting energies
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Apply a valence band anticrossing (VBAC) model to understand the origin of
the bowing in bandgap and spin orbit splitting energies in GaBi,As,

J.Yoshida, et al., Jap. J. Appl. Phys., 42 (2003) 371 W. Huang, et al., J. Appl. Phys., 98 (2005) 053505 *B. Fluegel, et al., Phys. Rev.. Lett., 97 (2006) 067205
S.Tixier, et al., Appl. Phys. Lett., 82 (2003) 2245 S. Francoeur, et al., Appl. Phys. Lett., 82 (2003) 3874
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Valence Band Anticrossing in GaBi As,

Bi Defect Levels in GaAs

E,. (k) Impurities of low ionization energy

-0 5 ______________
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%‘ 1 g o Defect states located near the valence
= ' band
=151
o ol Anticrossing interaction between host
and impurity p-like states
2516 — ity
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Valence Band Anticrossing Hamiltonian

12x12 matrix, Six valence bands and six p-symmetry impurity states
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Valence Band Anticrossing Model

Interaction described by a 12 x 12 Hamiltonian

Includes
6 p-like states of host
6 p-like states of the impurity

Parameters
Location of defect states E;; and Eg ¢,
Coupling parameter C, (adjustable)
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Photomodulated Reflectance of GaBi As,
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Restructuring of the Valence Band in GaBi As,_,
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Bandgap and Spin Orbit Splitting Energies

Bandgap and Spin-Orbit Splitting Energies
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Localized level above CBE and
interaction with CB

— GaAs(N), ZnSe(0O), CdTe(O)

Localized level below CBE and
interaction with CB

— GaAsP(N), ZnTe(O)

Localized level above VBE and
interaction with VB

— GaN(As), GaN(Bi), ZnO(Se),
ZnSe(Te), ZnS(Te), GaAs(Mn)

Localized level below VBE and
interaction with VB

— GaAs(Bi), GaAs(Sb), Ge(Sn)
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Band Structure Engineering of HMAs
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Highly Mismatched Alloys for
Intermediate Band Cells

Conduction Band

!

~ Intermediate Band

Valence Band

The intermediate band serves as a
“stepping stone” to transfer electrons from
the valence to conduction band.

Photons from broad energy range are
absorbed and participate in generation of
current.

7C'Thermodynamic Limit of solar cell Efficiency
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Major technological advantage:
requires single p/n junction only



Intermediate band cell
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Intermediate band cell
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Intermediate band cell
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Photoelectrochemical Cells (PECs)

2hv+ H,0 -> Hy(g) + 72 0, (g)

2H,0 +2e7=20H+ H2 4

H,O/H,

H,0/0,

H,0 +2h*=2H"+1/20,4

Material requirements

Band gap must be at
least 1.8-2.0 eV but
small enough to absorb
most sunlight

Band edges must
straddle Redox
potentials

Fast charge transfer

Stable in aqueous
solution



Group llI-Nitride PECs (GaN,_,Sb,)
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Conclusions and Outlook

Conclusions

= Alarge number of HMAs synthesized and studied.

= Electronic band structure described by the band anticrossing model.

=  HMAs allow for an independent control of the location of CBE and VBE.

= Band anticrossing for electrically active impurities (llI-Mn-Vs).

Outlook

= Potential applications for solar power conversion devices.
= HMAs for controlled ferromagnetic coupling.

= GalnNAs based photoelectrochemical cells.

= Energy selective contacts for hot electron solar cells.

Key role of highly mismatched IlI-Bi-V alloys



