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Bismuth in GaAs:

- electronic properties

- magneto-photoluminescence (0-30 T) and
exciton reduced mass determination

- evidence for a largely perturbed band structure



Ga(As,Bi) expected trends
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Ga(As,Bi) expected trends

A. Janotti, S.-H. Wei, and S. B. Zhang, Phys. Rev. B 65, 115203 (2002)
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Ga(As,Bi) observed trends

1.401

Energy (eV)
.
S

1.00T

0.800

GaAsl_ Bi

EGaAsHBiX =X Egpi + (1= X)Eg,p, —bx (1-x)
b(x)=a/(1+ fx)  E. gz =-036eV a=9.5¢V =104

Kunishige Oe and Hiroshi Okamoto, Jpn. J. Appl. Phys. 37, L1283 (1998)
X. Lu et al., Appl. Phys. Lett. 95, 41903 (2009)

x=(0-5)% AE,~-80 meV/%Bi
(Gahs,N,; AE~-100 meV/%N; b~16-20 eV)

1.44
B \ . .
= 128 \ A larger band gap reduction is observed
2 | | for the same increase in lattice constant
23 GaAs N =249,
JRROaE o o
a el / | GaAs_Sb*
= | 2% '
2 096 131 pm- — — L Potential for
o B ‘ * Heterojunction bipolar transistors
08 Lo 1ssum — O \10% * Solar cells
L ] * Telecom
5.6 5.65 5.7 5.75

a (A)



Ga(As,Bi) observed trends
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Potential for spintronics

Bi-related states form with pressure coefficient similar to GaAs

S. Francoeur et al., Phys. Rev. B 77, 085209 (2008)
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Ga(As,Bi): what about the carrier mass?

Effective mass, m */m

J. Wu et al., J. Appl. Phys. 105, 011101 (2009)
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We address the carrier effective mass in Ga(As,Bi)
by magneto-photoluminescence
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High-magnetic field measurements & HFmML= Yme

Science in High Magnetic Fie

RESISTIVE MAGNET
(cross section)

- Powered by 2x10 MW at 500 V (4-10% A)

hodel of a helix-stacked magnet coil. The white discs are insulators.

- Chilled by 10 I/min deionised water at 30 atm at 10 °C.

1 hour magnet time costs 1,000 €



Why 200 K?
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Localized excitons dominate low-T photoluminescence

G. Pettinari et al., Appl. Phys. Lett. 92, 262105 (2008)



Why 200 K?
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Accurate choice of measurement power and temperature



Why 200 K?

R. Kudrawiec et al., J. Appl. Phys. 106, 023518 (2009) S. Imhof et al., Appl. Phys. Lett. 96, 131115 (2010)
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Magneto-PL: data
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Magneto-PL: data
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Magneto-PL: data
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Magneto-PL: data
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Magneto-PL: data

... back to GaAsBi
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Magneto-PL: analysis

B-induced shift of given by

(see D. Cabib, E. Fabri, and G. Fiorio, Il Nuovo Cimento 10B, 185 (1972))
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Magneto-PL: analysis

High-temperature PL: free-exciton or free-carrier ?

Free-exciton: quadratic-like

Free-carrier: Landau levels form

A more reasonable
carrier reduced mass is
found for exciton-like
recombination




Magneto-PL: analysis

High- temperature PL: free-exciton or free-carrier ?
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Magneto-PL: results

x = 10.6%

30f T=200K

G. Pettinari et al., Phys. Rev. B 81, 235211 (2010)

Non monotonic
dependence of the
exciton reduced mass on
Bi concentration
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Exciton reduced mass

0.08- ++ /@\ﬁ % GaAs Bi | Non conventional
f / | compositional dependence
// é % \\ — kp p p.
- - 1 followed by a k-p-like
< e | behavior
=, 006/ ¢ \ .
SN %\D\Dﬁ v
i \D\D é\\ |
0.04 | ‘ | ‘ | ‘ | ‘ | \1D ] c
0 2 4 6 g8 10 rglg;m
x (%) \ﬂr/r"‘%
£
m.ocme(1+P2/E, ) Ny
My ocmo(2Q2/E *-1)2 E,

P2=28.9 eV, Q?=8 eV

G. Pettinari et al., Phys. Rev. B 81, 235211 (2010)



Exciton reduced mass: what we learn
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Exciton reduced mass: what we learn
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may perturb CB structure

G. Pettinari et al., Phys. Rev. B 81, 235211 (2010)

The unexpected increase of the carrier
mass indicates a highly perturbed band

structure.
The plateau value (0.08 m,) is not

conceivable with a perturbation
exerting on the VB only.
1/:uexc=1/me+1/mh
m, >, 4, .=0.067 m,
The CB has to be perturbed, too

G. Ciatto et al., Phys. Rev. B 78, 035325 (2008)
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.. . alternatively
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Exciton reduced mass: what we learn

PHYSICAL REVIEW B VOLUME 48, NUMBER 7 15 AUGUST 1993-1

Identification of the Big, heteroantisite defect in GaAs:Bi

M. Kunzer, W. Jost, and U. Kaufmann
Fraunhofer-Institut fiir Angewandte Festkorperphysik, Tullastrasse 72, W-7800 Freiburg, Federal Republic of Germany

H. M. Hobgood and R. N. Thomas
Westinghouse Science and Technology Center, Pittsburgh, Pennsylvania
(Received 8 December 1992)

GaAs lightly doped with the heaviest group-V atom, bismuth (Bi), has been studied by conventional
electron-spin resonance (ESR) and by ESR detected via the magnetic-circular-dichroism (MCD) absorp-
tion. A new Bi-related sharp-line MCD band has been observed on which two MCD-ESR lines have
been discovered. They are shown to arise from the singly ionized Big, double donor. Most remarkably,
a substantial fraction, about 10%, of the total Bi content is found to occupy the Ga site. The Big, MCD
absorption band is tentatively assigned to an exciton deeply bound to the singly ionized double donor
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FIG. 2. The Big, " MCD absorption band following quench-
ing of the Asg, EL2" MCD band.



Exciton reduced mass: what we learn

IDENTIFICATION OF THE Big;, HETEROANTISITE DEFECT ...

TABLE I. Parameters for group-V antisites in GaAs.

Formation (0/+) level
g A (GHz) A/ A, probability f below E. (eV)
Ps. 1.99 1.80 0.140
Asg, 2.04 2.70 0.184 0.75
1218, 2.02 6.61 - 0.188 0.48
Big, 2.055 10.96 0.141 0.35-0.50

M. Kunzer et al., Phys. Rev. B 48, 4437 (1993)

Then, what CB structure
is expected for
(GaBi)As?



Exciton reduced mass: what we learn
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The recovery of a conventional-
alloy behaviour above x>8%
points toward a restoration of a
random atomic distribution of Bi
atoms.

G. Ciatto et al., private communication



Exciton reduced mass: what we learn

The recovery of a conventional-
alloy behaviour above x>8%
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Exciton reduced mass: what we learn

0.08~

0.04

| Alternatively, the formation of Bi

antisites is less likely above a
certain Bi concentration




Conclusions

The peculiar dependence of the exciton reduced mass reveals an

transition of the nature of the band extrema from impurity-like to
band-like.

The compositional dependence of the carrier effective mass

mirrors major changes occurring in the structural properties of the
lattice:

- disorder to order transition

Lnirinn it~ ~L D PR R RN Jig i iy [ T IR 1Y Sy R
= Jorrmatiori 0j DIGa aritisites riugriiglitirig ric CorrpoctLiry
characteristics of Bi as a metal and a group V element

The decrease in the carrier effective mass for x>8% turns out to be
of particular interest in all those applications where carrier
mobility is a relevant issue.
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