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There are many applications of THz photonics

UNITS:   1THz = 300μm = 4.1meV = 47.6K

• Communications : 6G?
• Plasma diagnostics: electron density profiles and 

fluctuations, magnetic field strengths.  
• Condensed Matter Physics: THz spectroscopy 

covers energy range of correlated systems 
(excitons, Cooper Pairs, phonons, plasmons…) 

• Chemistry: Also energy range for molecular 
rotations and vibrations 

• Electrical Engineering: Non-contact probe of 
conductivity, high resolution electric field detection 
in devices (chip diagnostics)

• Non-destructive Testing: Time resolved probe 
of dielectric properties of materials & devices

• Medical Imaging: Non ionising (medical/dental 
imaging)

• Security screening
• MANY MORE USES ACROSS DIVERSE FIELDS!!

Review: THz Science and Technology Roadmap 
J. Phys. D 50 043001, 2017



Standard versus Non Contact Probes of Electrical Conductivity 

Storm et al. Nature Nano 
7: 718 (2012)
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n-type GaAs wafer n-type GaAs nanowires 
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Review Article: Semicond. Sci. Technol. 31:103003 (2016)

AC conductivity of GaAs: bulk vs nano

DC

AC

e.g. Drude Conductivity
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Review Article: 
Semicond. Sci. Technol. 31:103003 
(2016)

THz photoconductivity spectroscopy 
(Optical Pump THz Probe Spectroscopy) 
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Past studies of semiconductor nanowires: 
• Charge Carrier Mobility

• Nano. Lett. 7, 2162 (2007)
• Doping density and doping type

• ACS Nano. 10, 4219 (2016) 
• Nano. Lett. 15, 1336 (2015)

• Charge Carrier Lifetime
• Nano. Lett 9, 3349 (2009)

• Surface Recombination Velocity
• Nano. Lett 12, 5325 (2012),

• Donor binding energy measurement
• Nanoscale 9, 7839 (2017),

• Charge Scattering Mechanisms
• Boland et al Nano Lett (2018),

WE ARE NOW USING THIS KNOWLEDGE HELPS US DESIGN 
NANOWIRE DEVICES!!

THz spectroscopy: a non-contact probe of 
nanowire electrical properties  

Non-contact THz methods and models used to determine the key electrical properties of nanowires

Review Article: Semicond. Sci. Technol. 31:103003 (2016)



From Linearly Polarised to Arbitrarily Polarised THz pulses



Applications of THz polarimetry

.

• THz Communications: Signal encoding 
• THz Imaging improved depth resolution and scatter suppression (e.g. 

Photonics 5, 58, 2018)
• THz Birefringence Imaging: i.e. map anisotropy / stress / strain in 

materials (Optics Express 20, 23025, 2012)
• Plasma Diagnostics e.g. cyclotron magnetic field mapping 
• THz Hall Effect and Cyclotron resonance  for materials characterisation 

(e.g. Mittleman, Appl. Phys. Lett. 71, 16, 1997, Matsuda, Nat 
Commun 11, 909, 2020) 

• Faraday rotation spectroscopy 
• THz ellipsometry for determining dielectric properties of materials
• Vibrational circular dichroism biological systems (Appl. Phys. Lett. 100, 

241114, 2012)

Optics Letters 37, 2706, 2012

Appl. Phys. Lett. 100, 241114, 2012

Optics Express 20, 23025, 2012



Time resolved cyclotron resonance in InSb

<latexit sha1_base64="eiyaDlhEVHefI8Ara3clfQUV3bc="></latexit>

for Bz 6= 0 in the Drude relaxation time approx
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Ji = �ijEj

THz cyclotron resonance 

Xia et al., Phys Rev B  103, 245205 (2021).

InSb epilayer 4K



Xia et al., Phys Rev B  103, 245205 (2021).

InSb epilayer 4K
Time resolved cyclotron resonance in InSb



Nanowire Devices for THz polarimetry

Peng, Jevtics, Zhang, Sterzl, Damry, Rothmann, Guilhabert, Strain, Tan, 

1. Cross-nanowire THz detector for 
extracting the full polarisation state of 
THz pulses 
Science, 368:510--513 (2020)

2. Ultrafast, broadband modulator of 
THz radiation (~ps switching speed) 
Nano Lett., 17:2603 (2017)
Tuomas Haggren, Unpublished 



• Original concept - Auston, Cheung & Smith Appl. Phys. Lett. 45:284, 1984
• Theory of THz PC detection J. Appl. Phys., 104, 053113, 2008
• First polarisation receiving THz detectors  APL 86, 254102, 2005 (GaAs) & Optics Express 15, 7047, 2007 (InP:Fe+)
• Theory of dielectric response extraction from polarisation resolving  THz sensors: J Opt A Pure Appl Opt, 11, 105206, 2009

Detector optimisation(e.g. SNR) requires control over charge carrier dynamics
- usually ion implanted 
- low temperature grown GaAs, InGaAs

Background: How THz Photoconductive detectors / Auston switches  work



Multi-contact Polarisation resolving THz detectors
ü Compact 
ü Monlithic
ü Compatible with most existing THz-TDS systems
✘ Cross-talk between orthogonal channels
✘ Difficult to align  
✘ Lack of sensitivity 

Bulk semiconductor 



Nanowire Devices for THz polarimetry

Peng, Jevtics, Zhang, Sterzl, Damry, Rothmann, Guilhabert, Strain, Tan, 

Cross-nanowire THz detector for 
extracting the full polarisation state of 
THz pulses 
Science, 368:510--513 (2020)

Nanowires allow us to have
ü An optimised polarisation selective antenna
ü Complete electrical isolation between orthogonal 

channels 
ü Very compact device  
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SA-MOVPE

n Catalyst free nanowires

Why InP nanowires？

Ø Stacking-fault-free
Ø Pure Wurtzite
Ø Structurally uniform
Ø Diameters ~200 nm and lengths 8 -11 µm

n Direct bandgap
n High Electron Mobility
n High Radiative Quantum Efficiency
n Low density of surface state

InP Nanowires Grown by Selective Area Epitaxy (SAE)

Science, 368:510--513 (2020)



Cross-Nanowire detector 
fabrication 

Peng, Jevtics, Zhang, Sterzl, Damry, Rothmann, Guilhabert, Strain, Tan, 

Science, 368:510--513 (2020)

Nanowires positioned using 
Transfer Printing
ACS Nano 10, 3951 (2016)



Cross-nanowire THz detector

Peng, Jevtics, Zhang, Sterzl, Damry, Rothmann, Guilhabert, Strain, Tan, 

Peng et al 
Science, 368:510-513 
(2020)



Cross-nanowire THz Detector Characterisation 

Peng, Jevtics, Zhang, Sterzl, Damry, Rothmann, Guilhabert, Strain, Tan, 

Peng et al., Science 368, 510-513 (2020).



extinction ratio:
2500 for Channel 1
1440 for Channel 2
minimum detectable 
change of polarization 
angle is 0.38°

Bulk 4-contact 

Nanowire 4-contact 

Cross-nanowire THz Detector Characterisation 

Electrical Crosstalk
Eliminated for 

nanowire device! 

Peng et al., Science 368, 510-513 (2020).Detection dominated by crosstalk



Spectroscopy with the cross-nanowire THz detector

Peng, Jevtics, Zhang, Sterzl, Damry, Rothmann, Guilhabert, Strain, Tan, 

Sample:
• THz metamaterial 
• Gold pattern on quartz
• Twisted split-ring resonator pair
• Designed to function as a polarization 

converter 
Peng et al., Science 368, 510-513 (2020).



Cross-nanowire THz detector

Peng, Jevtics, Zhang, Sterzl, Damry, Rothmann, Guilhabert, Strain, Tan, 

Peng et al., Science 
368, 510-513 (2020).



Nanowire Devices for THz polarimetry

Peng, Jevtics, Zhang, Sterzl, Damry, Rothmann, Guilhabert, Strain, Tan, 

1. Cross-nanowire THz detector for 
extracting the full polarisation state of 
THz pulses 
Science, 368:510--513 (2020)

2. Ultrafast, broadband modulator of 
THz radiation (~ps switching speed) 
Nano Lett., 17:2603 (2017)
Tuomas Haggren, Unpublished 



Nanowire-Based THz Modulator - Concept

Jessica Boland 24Baig et al. Nano Lett. 17:2603 (2017) 

Switchable wire-grid polariser
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FluenceNanowire-Based THz Modulator – Testing 
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Nanowire

TOP VIEW

EDGE VIEW

(100) GaAs substrate

Parylene C

Nanowire-Based THz Modulator – Fabrication 
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For desription of AC conductivity spectrum see MB2.5 and Boland Nanoscale, 9, 7839–7846 (2017) 

Nanowire-Based THz Modulator – Fabrication 



Friday, February 10, 2023 Jessica Boland 32

• Extinction ratio and modulation depth increases with number of layers.

• Carrier lifetimes also seems to increase with no of layers but still 
picosecond lifetime so allows for picosecond switching speeds.

Baig et al. Nano Lett. 17:2603 (2017) 

Nanowire-Based THz Modulator – Testing 





Anna Fontcuberta i Morral


