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The nature of terahertz emission from GaAsBi
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THz: seeing the unseen
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THz seemg the unseen
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THz: seeing the unseen

invisible invisible

\\\\\\\“\\\\\“\\\\\“{
AV Y LA, A
TN
A A VA,

A

AR
AL

Eye sees
through water

Eye does not see

through lid

University of Wollongong Australia




700 nm
428 THz

400 nm
749 THz



Chart of the Electromagnetic Spectrum

8 man's height < apercl
.g g p 5‘ icanss / cells @ viruses atST ®)
n» \ paper / bacteria @ subatomic
o footballfleld baseball thickness water mo!ecule particles —»
wavelength 1 cm 1 mm | 1 mil l l 1 nm 1 A 1 pm
N TI0s 102 10 1 107 102 10° 104 10 10—6 107 109 109 107 1077 10-2
wavenumbtzr | ] | ] | ] | ] I ] ] | ] | ] |
€™ 105 104 103 102 107 1 10 102 10° 104 105 10 107 108 10° 10
electron volt | ] | ] | ] | ] | | | ] | | | ]
ev)10¢ 10®% 107 10% 10° 104 10°* 102 107 1 10 102 10° 10¢ 10° 106
fr 1 MHz 1 GHz 1THz 1 PHz 1 EHz 1ZHz
equency | ] | ] | | | 1 ] | | ] | | | |
2 105 105 107 108 10° 10" 10" 102 10'* 10' 10' 10'6 107 10'® 10'® 1020 102
g Radio Spectrum Tmh- Infra X-ray Gamma
8 Broadcast and Wireless Microwave Far IR Mid IR Extreme UV Soft X-ray Hard X-ray

wavi (nm)
=3 o
!

Fiber telecom Dental Curing m
0.7-1.4 200-350nm

— Medical X-rays

optics

) EJ
17 -

e
o
2
—
o
o}
S,
O
»

@

FM radio
AM radio 88.108 MHz Mobile Phones = 10-0.1 A
B00kHz-1.6MHz 900MHz-24GHz  Ragar ‘ & @ Cosmic ray
1-100 GHz . - Visible Light observations
Bio imaging 425-750THz ' <<t A
1-10 THz 700-400nm
AL e

Baggage screen

Remotes

Sources and Uses of
Frequency Bands

TV Broadcast  Wireless Data . 850 nm 10-1.0A
54-700 MHz ~ 2.4 GHz A
Ultrasound A el% - -
: PET imagin
1-20 MHz - Screening - 3 1-'0 019'A9
02-40THz 1-0.
Sound Waves 1] 400-290nm Crystallography
— 20Hz-10kHz - “mm wave" : ~ 22.07A
Microwave Oven “sub-mm" Night Vision
2.4 GHz 10-0.7 p
© 2006 SURA www.sura. - - . - - 4) S Universities
s v e wits parmta A = 3x10%/freq = 1/(wn*100) = 1.24x105/eV SURA :outheastern Uahversi




Overview of THz (@ UOW; 1 of 4
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Overview of THz (@ UOW; 2 of 4
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Overview of THz (@ UOW; 3 of 4
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Overview of THz (@ UOW; 4 of 4
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Ultrashort pulses induce polarization

Epump
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THz generatlon by ultrashort pulses

mechamsms methods
Photoconductivity (PC) geometry
polarization

ump-beam power
Transient Current (TC) pump P

magnetic field
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Evidence for Transient Currents

In-plane magnetic field
rotates radiating dipole

Saturation
with excitation fluence
- carrier screening

FIG. 3. (Color onling) Terahertz emission from nominally undoped InP as a
function of magnetic field (main figure) and of excitation fluence (inset).
The magnetic field is provided by a permanent magnet behind the sample.
The magnetic field direction is in the sample plane. The magnetic field angle
iz measured counterclockwise around the pump beam starting from the
incidence-reflection plane. Excitation fluence is ~0.2 uJ/cm?. Inset: tera-
hertz emission in the absence of magnetic field as a function of excitation
fluence.

S. Hargreaves, R. A. Lewis
Applied Physics Letters
93, 242101 (2008)
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Optical Rectification - geometry
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Optical Rectification - geometry
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Optical Rectification - geometry
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Optical Rectification - geometry
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Optical Rectification - geometry

FIG. 1. (Color online) Coordinate axes and angles used. The
o incident radiation propagates in the —x’ direction and is polarized in
the y' direction. The outward-pointing normal to the crystal surface

is given by x”. The triple-primed axis system rotates with the crys-
tal. The angle of incidence is ¢’. The angle of polarization is ®.
The azimuthal angle is 6.

HARGREAVES, RADHANPURA, AND LEWIS

PHYSICAL REVIEW B 80, 195323 (2009)
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Optical Rectification - geometry
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GaAs - Optical Rectification
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GaAs - Optical Rectification

THz detector (uV)
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FIG. 4. (Color online) Experimental data (symbols) for THz
emission from (11N)A faces of GaAs. The dashed lines are the
calculations for bulk optical rectification alone (with d, 4E%= 1). The
full lines are the calculations for combined bulk (d14E(2)=1) and
surface (y'Fy=-1.6d,,) optical rectification.

University of Wollongong ) Australia



GaBiAs

O This work
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FIG. 3. Square of the absorption coefficient a® for the two near-
stoichiometric (001) and (311)B GaBi,As,_, epilayers, obtained from trans-
mission measurements at 300 K. Inset: Band-gap energy (E,) vs x for these
two samples, together with data from Ref. 2.

M. Henini et al.
Applied Physics Letters
94, 251909 (2007)
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FIG. 2. Bi composition x of different (001) and (311)B GaBi,As,_, epilay-
ers as a function of the As flux used for the growth. The arrows indicate the
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GaBiAs
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FIG. 1. Time-domain spectrum of terahertz field radiated from (311)B = B 0
GaBig g35A80.055 sample (transmission geometry). (a) Dependence of peak Eu
terahertz field on optical fluence of pump beam (reflection geometry). (b) - i
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GaBiAs

Azimuthal angle
dependence

- epilayer

quite different to
substrate

K. Radhanpura, S. Hargreaves,
R. A. Lewis, M. Henini
Applied Physics Letters

94, 251115 (2009)
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FIG. 2. (Color online) Variation of the peak terahertz field, for both H- and
V-polarizations, as a function of angle of rotation around the sample normal
in transmission geometry for (311)B (a) substrate and (b) GaBi, 35457 g5

epilayer.
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Conclusion

Optical rectification produces THz radiation

THz field emitted is in general polarized and depends in detail on
e angle of incidence of pump beam
e polarization of pump beam
* index hkl of crystal face
e azimuthal angle of sample relative to pump beam

In GaBiAs the THz radiated depends strongly on
e crystal face hkl
* bulk optical rectification term
e surface field-induced optical rectification term

So THz emission acts as a sensitive surface probe
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