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Terahertz spectroscopy of
semiconductor nanostructures




* Time-domain THz spectroscopy

— Broadband THz pulses propagating in a free space

* Terahertz response of electrons/holes confined in
semiconductor nanostructures ... to the electric field

— Microscopic conductivity

— Effective medium approximation (plasmon resonance)

* Experimental results: InP nanowires
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Time-domain terahertz spectroscopy
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Time-domain terahertz spectroscopy
D, — Pump pulse

Femtosecond b / y
laser \T\ A

Detection

D, — Gating pulse
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Time-domain terahertz spectroscopy

THz electric field (kV/cm)

—— Amplitude
—— Phase

10-!

Frequency (THz)
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Time-domain terahertz spectroscopy

* Retrieval of material parameters

Refergnce waveform

hulse

Electric field (arb. units)

4 mlitted wavleform— thlwk samplle

\}\(\1/5: echo + 2" echo

0 10 20

30 40 50

Time (ps)

— Time delay = 2n(n — 1)d/c — refractive index n

— Attenuation = exp(—2nkd/c) — absorption index k

A ic

 Equivalence (n+ix)’ =é=—— — complex permittivity, conductivity or carrier
e (13 29
mobility can be retrieved to0 — “ultrafast Ohm-meter” [T. Seifert]
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Symbiosis of Tera- and nano- worlds
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Symbiosis of Tera- and nano- worlds

THz beam waist Single nanostructure
> 300 um (<1 um)
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Symbiosis of Tera- and nano- worlds

THz beam waist Ensemble of
> 300 um nanostructures
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Symbiosis of Tera- and nano- worlds

Benefit of using free-space
radiation: we can probe also
coupling among nanoparticles

Ensemble of

THz beam waist
> 300 um nanostructures
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Symbiosis of Tera- and nano- worlds

THz wave, f=1 THz Nanoparticle

d =100 nm

A =300 um

What 1s the mobility p of charges at a particular frequency 1 ?
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Symbiosis of Tera- and nano- worlds

* Frequency f versus nanocrystal size d

10

103
S1, 300 K

d (nm)
2
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Calculations of conductivity spectra
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Models of electric response: Drude

* Response of free charge carriers — Drude model

Velocity of incident charge carriers\\ : :
Y 5 Velocity of scattered charge carriers

// \\\ isotropic scattering

— Relaxation of charge carrier drift velocity
dv_ v N e, E (1)

dt 1 M g

L T Carrier scattering time
— Mobility spectrum myy  Effective mass of charge carriers
e T
w( ) =ev(f)= 0 . . e, Elementary charge (1.6x1071° C)
My 1 =2mifT

— DC mobility within the Drude model
eor
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Models of electric response: Drude

* Response of free charge carriers — Drude model

3

Real
oL — Imaginary

£

b 0

& t=100 fs
2 =

2
g T

T Ac(w) =" _
L my 1—iot

Typical scattering times in semiconductors:
GaAs: 1~ 270 fs

Zn0O: t~30 fs
Fingerprints just in the terahertz spectral region

_3 : | : |
2

F requency (THz)
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Models of electric response: Drude

* Response of free charge carriers — Drude model

3

Real
oL — Imaginary

£

b 0

& t=201s
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Typical scattering times in semiconductors:
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Zn0O: t~30 fs
Fingerprints just in the terahertz spectral region
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Models of electric response: Drude

* 7ZnO crystal (bulk material)
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Frequency (THz)

— Drude behavior

— Typical free charge carrier response
— 1~30fs
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Models of electric response

* 7ZnO crystal (bulk material)

u (cm2V-1sT)
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Frequency (THz)

— Drude behavior

— Typical free charge carrier response

— 1t~ 30 fs
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* 7ZnO nanoparticles

‘T(D
5 ¢ ® Real
g/ ® |maginary
£ 0
3
(] [ X J
% o8 f
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Frequency (THz)
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g Nanoparticle

g diameter: ~15 nm

— Used as electron transporting

electrodes 1n Gratzel solar cells

— There should be free charges

x The response is localized!!!
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Models of electric response

* Trouble with fitting THz spectra: too ¢ ZnO nanoparticles

many models may be employed .

— Prade—

— Drude-Smith

— Oscillator R E

— Hopping :; ° o Real

— Plasmonic model + any response \%i ; ® Imaginary

2 ® o . 9 g Nanoparticle
Ar | & diameter: ~15 nm

 List of early works (since 2002): see ® =

references in [J. Photochem. 80 04 08 12 16 2

Photobiol. A 215, 123 (2010)] rreaueney (T

— Used as electron transporting
electrodes 1n Gratzel solar cells

— There should be free charges

x The response is localized!!!
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Models of electric response

* Frequency f versus nanocrystal size d

Drude

10* (1900)

10°
S1, 300 K

d (nm)
2

10!
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1073 102 10! 10° 10! 102 10°
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Models of electric response

* Frequency f versus nanocrystal size d
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Models of electric response

* Frequency f versus nanocrystal size d

2
ne T C
Ao(w) = 25 J1e—G

10* (1900)

10°
S1, 300 K

d (nm)
2

PHYSICAL REVIEW B, VOLUME 64, 155106

Classical generalization of the Drude formula for the optical conductivity
N. V. Smith
Institut fiir Festkorperforschung, Forschungzentrum-Julich, 524235 Julich, Germany
and Advanced Light Sowrce, Lawrence Berkeley National Laboratory, Berkeley, California 94720

A (Recerved 27 Apnl 2001; published 20 September 2001)
Drude-Smit =
ru e ml A simple classical generalization of the Drude formula is derived based on the impulse response approach

and Poisson statistics. The new feature 1s a parameter ¢, which 1s a measure of persistence of velocity. With
negative values of ¢, 1t 15 possible to mumie the infrared properties of poor metals that display a mmmmum m
the optical conductivity at zero frequency. The electron current m these cases reverses direction before decay-
g to zero. Specific examples considered are Hg and its amalgams, liquid Te, and the quasicrystal
Alg; sCuy, sFey,. Discussion is offered on the connection with interband transitions, on the distinction between
the electron lifetime and the transport relaxation time, and on other generalizations of the Drude formula.

(2001)
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Models of electric response

* Frequency f versus nanocrystal size d

2
ne T C
Ao(w) = 25 J1e—G

10* (1900)

103

S1, 300 K

d (nm)
2

PHYSICAL REVIEW B, VOLUME 64, 155106

Classical generalization of the Drude formula for the optical conductivity

10

N. V. Smith
Institut fiir Festkorperforschung, Forschungzentrum-Julich, 524235 Julich, Germany

and Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, California 94720

seo1ved 27 a] . 1 «d 2 1 » T : :
D de_S .t (Recerved 27 Apnl 2001; published 20 September 2001) DeﬁCIGHCIGS
I u IIll A simple classical generalization of the Drude formula is derived based on the impulse response approach

and Poisson statistics. The new feature 1s a parameter ¢, which 1s a measure of persistence of velocity. With

negative values of ¢, 1t 15 possible to mumie the infrared properties of poor metals that display a mmmmum m L | J 0 d—depel ldel Ice

the optical conductivity at zero frequency. The electron current m these cases reverses direction before decay-

g to zero. Specific examples considered are Hg and its amalgams, liquid Te, and the quasicrystal

.
Alg, Cuy, oFe,,. Discussion is offered on the connection with interband transitions, on the distinction between ~ @ l l nthSICal

the electron lifetime and the transport relaxation time, and on other generalizations of the Drude formula.

(2001)
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Models of electric response

 Lowest quantum transition Af'vs. £, o< d~

Drude

(1900)

Si, 300 K

1073 102 10! 10° 10! 102 10°
f (THz)
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Models of electric response

 Lowest quantum transition Af'vs. £, o< d~

Drude

(1900)

Si, 300 K

Onset of quantum | 102 10" 10° 10" 10* 103
transitions

(2017) J
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Models of electric response: Quantum calculations

e (GGeneral Kubo formula

iNe, 1
- e 'Tr(p,[J(¢),J(0)])d¢
o=—"" hmVj r(po[J(),J (0)])
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Models of electric response: Quantum calculations

e (GGeneral Kubo formula

:z‘Ne§+ 1 T

mo hoV e Tr(py[J(¢),J(0)]d?

o
0

* Simplifications
— Single-particle approximation

— Relaxation time approximation
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Models of electric response: Quantum calculations

e (GGeneral Kubo formula

+ e Tr(p,[J(¢),J(0)])dt

mon hoV

G:iNeg 1 T

0

* Simplifications
— Single-particle approximation

— Relaxation time approximation

2
(1] [ k)
(0+w, —»,) +7°

Reo o Z(fk - 1)
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Models of electric response: Quantum calculations

e (GGeneral Kubo formula

+ e Tr(p,[J(¢),J(0)])dt

mon hoV

G:iNeg 1 T

0

* Simplifications
— Single-particle approximation

— Relaxation time approximation

2
(1] [ k)
(0+w, —»,) +7°

Reo « Z(fk - 1)

* Problem: non-zero DC conductivity in isolated nanoparticles
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Models of electric response: Quantum calculations

e (GGeneral Kubo formula

+ e Tr(p,[J(¢),J(0)])dt

mon hoV

G:iNeg 1 T

0
* Simplifications

— Single-particle approximation
— Relaxation time approximation

2
(1] [ k)
(0+w, —»,) +7°

Reo o Z(fk - 1)

* Problem: non-zero DC conductivity in isolated nanoparticles
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Quantum calculations — relaxation time approximation

* A charge displaced by the probing electric field relaxes back to its
equilibrium position

Bulk Nanoparticle
ranslatlonal symmet| I Instantaneous jump

No net displacement upon relaxation Extra eurrent
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Models of electric response: Quantum calculations

* Three phases of charge motion

— Equilibrium
A2
H=H, :§—+V(f) = Density matrix p, = Z‘k>fk<k‘
m k
— Coherent regime
H=f—eb-E = P __LIAf b 1- 1A, 0p] £7A
= H,; ZH = AR =L H,, AP TYAP
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Models of electric response: Quantum calculations

* Three phases of charge motion

— Equilibrium
A2
H=H,= §—+ V(r) = Densitymatrix p, = Z‘k>fk<k‘
m k
— Coherent regime
H=H,—ef-E = @——1[Aﬁl ]—i[ﬁl Ap]<yA
085 7 . 9p0h09p TAp
AH
— Thermalization regime (diffusion equation with source)
44
e g e klasllile 0, +5 -
dt 7 my

. J

_V.jth
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Models of electric response: Quantum calculations

* Three phases of charge motion

— Equilibrium
A2
H=H, :§—+V(f) = Density matrix p, = Z‘k>fk<k‘
m k
— Coherent regime
A A . dAp I .~ [~
H=Hyzel'E = —==——[AH,p]=—1Ho, Ap] TYAP

— Thermalization regime (diffusion equation with source)

<> (e [k Apl I s DV2n,, +v LY
k.l my

. J

dng,

dt

. =V
e Total current = coherent + thermalization
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Models of electric response: Quantum calculations

* Example: cube-shaped nanocrystals

Ji— /i Z 2DyaS,;,xy

O oC . B :
k.l (D_(wk_wl)+ly nodan n —ima

. 2
5 — (0, —o,) | x|

D Diffusion coefficient

a Nanocrystal size

Xy Dipole matrix element { k| x | /)
/; Occupation of the state j

Sin = Sky,ly Skz,lz (Sn,kx—lx + Sn,lx—kx - Sn,kx+lx)
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Models of electric response: Quantum calculations

* Example: cube-shaped nanocrystals

Mobility (103 x cm? V-1s7)

O C

. 2.2 .
k.l (D_((Dk_(l)l)—Fl'Y nodan n —ima

— 2DyaS,, x ,
Lo 2O, ~a,)x, |

D Diffusion coefficient

a Nanocrystal size

Xy Dipole matrix element { k| x | /)

A O . =,

/; Occupation of the state j
Sin = Sky 4 Skz N (Sn,kx—lx + Sn,lx—kx - Sn,kx+1x )

Large GaAs crystallites

e Imaginary ' a=1pm
il y1=270 fs

102 10! 10° 10! D =180 cm?¥/s

Frequency (THz) T=300K
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Models of electric response

 Lowest quantum transition Af'vs. £, o< d~

Drude

(1900)

Si, 300 K

Onset of quantum | 102 10" 10° 10" 10* 103

transitions / (THz)

(2017) J
T. Ostatnicky et al., PRB 97, 085426 (2018)
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Models of electric response

 Lowest quantum transition Af'vs. £, o< d~

* Scattering, thermal broadening
d: E,=h/tor kgT or ... Drude

10* (1900)

S1, 300 K

Onset of quantum | 102 10" 10° 10" 10* 103

transitions S (TH?)

(2017) J
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Models of electric response

 Lowest quantum transition Af'vs. £, o< d~

* Scattering, thermal broadening
d: E,=h/tor kgT or ... Drude

10* (1900)

S1, 300 K

Onset of quantum | 102 100 10° 10" 10> |40 Quantum

transitions J (THz) giigi transitions

il 1
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Models of electric response

 Lowest quantum transition Af'vs. £, o< d~

* Scattering, thermal broadening

104 Y (1900)
N Ebattistic = @

Onset of quantum | 102 100 10° 10" 10> |40 Quantum

transitions J (THz) giigi transitions

il 1
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Models of electric response

Confined
(classical)

Drude

(2009) Y (1900)
N Ebattistic = @

Onset of quantum | 102 100 10° 10" 10> |40 Quantum

transitions J (THz) giigi transitions

il )
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Models of electric response: Monte-Carlo calculations

* Models of intrinsic conductivity

— Starting point: Kubo formula (thermal motion gives the response function; no
external field required for the simulations)

€

@)= j: (v(t)v(0)) exp(icor) dt

— Parameters
* Temperature T
* (Position of the Fermi level)
» Effective mass, scattering time

— Semi-classical Monte Carlo simulations
* Evolution of (thermal) velocity v(¢) of charge carriers with the statistical distribution f
* Maxwell-Boltzmann distribution works for high temperatures and low excitation densities
* Fermi-Dirac distribution needs to be considered otherwise
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Models of electric response: Monte-Carlo calculations

* Band-like transport confined by nanoparticle surface

* More sophisticated models including e.g. two types of surfaces

— Possibility to investigate aggregates of nanoparticles

PF271
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Models of electric response: Monte-Carlo calculations

* Influence of the particle size

Mobility spectra
versus nanoparticle diameter d
(isolated particles)
: o a=dly,
102F _

| - /

€ 10"t — free

§ Pl (mean free path)

1000/

60
T 4l Amplitude decreases with decreasing
5§ nanoparticle size
g O Resonant frequency is related to the round-
w0l trip time of the electron in the nanoparticle
R Lol T B
10" 100 101 102 103
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Models of electric response: Monte-Carlo calculations

* Aggregation of nanoparticles
— Existence of the second length scale appears as the second cut-off frequency

Y a
Real part Y
60 ~ ‘\/\/l

o
/ Cluster size
~ — 1Ix1x1
. — 2x2x2
Z,

< — 3x3x3
— 4x4x4

— 10x10x10
40x40%40

I r’f./"
Wit
LI/
1').";’/-/ ’
vi 7

Imaginary part /<~
_/y"/‘f- ~ i’/ I\_,’I
/

\ « o (SR
RS v, x2 N\~
Ny Q\/;\ nry TN ;f;\— Ay,
v VWSR2 YV ,\j , _~
N XRNASUS oSV /

[CPRAD Y P ’

¢

v~ -
XN I\~
Pl

4 6 8

Frequency (THz)

https://Its.fzu.cz/
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Models of electric response: Monte-Carlo calculations

 World of Monte-Carlo semi-classical calculations

Confined
(classical)

Drude

(2009) Y (1900)
N Ebattistic = @

PRB 79,
2 115309
e
= 0 (2009)
102 107! 10° 10!
Frequency (THz)
stitute of Physice https://Its.fzu.cz/ Czech Acad
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Models of electric response: Summary

DOI: 10.1002/adom.201900623

Confined
(classical)

Drude

(2009) Y (1900)
N Ebattistic = @

Onset of quantum | 102 100 10° 10" 10> |40 Quantum

transitions J (THz) giigi transitions

aly 1
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... 2"4 part of the story: depolarization
fields (effective medium approximation)
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Conductivity of complex systems

* Homogeneous systems
— local field = applied field

— no Interaction with surface

E applied =E local >

Charges undergo |
undisturbed random walk DR/

(o\ Institute of Physics httpS ://ltS.fZU 'CZI CZECh Academy
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Conductivity of complex systems

* Nanostructured systems
— local field # applied field

E

! _ applied >
g _ ' E depolarization
N | E local — E applied E depolarization

— charges interact with surface

— response to the local electric field
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Effective medium approximation

* Effective medium approximation
— Permittivity profile ¢(r) 1s approximated by a single value € 4
— Assumptions: characteristic dimensions << probing wavelength

* Transient permittivity
— Permittivity e(r) + Ae(r) gives a single value €4+ Ag g
— Formally: Ae 4= Ae qle(r), Ag(r)]

Ag [ e(r), Ag(r)] 1s a black-box which 1s evaluated as follows
— Electric field profile E(r) 1s calculated numerically by finite-element method

— Effective permittivity is calculated from energy density:
1

1 2 5 b
Egeff<E> =5y V&‘(F)E (r)dV, where <E> = VIV E(r)dV
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Effective medium approximation

* Implementation

— Steady-state calculations: morphology + permittivities of components = effective

permittivity

* For simple morphologies, special approximations may be applicable (e.g. Maxwell-Garnett for sparse

inclusions)
* Numerical calculations for more complex structures are inevitable
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Effective medium approximation

* Assumptions
— Two-component system; only one component can be photoexcited

— Purely real transient conductivity: Re Ac # 0, Im Ac = 0 (i.e., purely imaginary
transient permittivity)

* Investigated structures

(a) Simple chains Double chains and complex structures (¢) Moore-like fractal chains
[ ]

Moore 1

1
| ﬁ

Moore 2 Moore 3
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Effective medium approximation

* Common properties

Percolated structures

103
102 A

_ 10! 7

g A @0 (x1)
100
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Re Ag 204 (x25)
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Non-percolated structures
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Effective medium approximation — summary

 Effective photoconductivity of inhomogeneous systems

mic

BA
AG =VAG. + °

1+iDAc ;. /(0g,)
percola’ced/v ™~

non-percolated

3 independent parameters:
* V... percolation strength
* B, D ...non-percolated part

Describes Maxwell-Garnett
Conform with Bergman representation
Pole in the denominator = localized plasmon resonance

Extensive 2D electrostatic simulations show that this model describes a
large number of morphologies including complex percolation pathways
* Morphology + ground state properties = parameters V, B, and D

Assumption: components not conducting in the ground state

 Difference of conductivities needs to be calculated for conducting components. This has
been discussed in detail in Joyce et al., Nanotechnol. 24, 214006 (2013).
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Influence of depolarization fields

* Non-percolated photoconductor

X FZU

Institute of Physics
of the Czech
Academy of Sciences

Equivalent electrical circuit

(a) Poor conductor (low Ac):
Conductive response of particles
limits the conductivity

AC 4 < Ao,

(b) Good conductor (high Ac,):
Capacitance limits the conductivity

AC 4 C—IWEE,,
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Influence of depolarization fields

Conductivity of particles (Q~'m=")
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Influence of depolarization fields

Conductivity of particles ('m=")
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Influence of depolarization fields

Conductivity of particles ('m=")
l...=10
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Influence of depolarization fields

Conductivity of particles ('m=")
Iexc = 30
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Influence of depolarization fields

Conductivity of particles (Q~'m")
l,.c = 100
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Conductivity of complex systems

Conductivity of particles ('m=")
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Influence of depolarization fields

Conductivity of particles ('m=)
l,e = 1000
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Effective medium approximation — summary

 Effective photoconductivity of inhomogeneous systems

BAG_.
Ac = VAG . + 2 mic
1+iDAG .. /(0g, )
Percolated system Non-percolated system
Low intensity Ac=(V +B)Ac . =~VAc, .. Ac = BAc .

o= BAc .
1+iDAc,._/(0g,)

Medium intensity Ac=(V+B)Ac .. ~VAc .

High intensity Ac=V +B)Ac_ .. ~VAG, . Ac = —iog, B
D

* Assessment of the percolation degree
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Experimental results: InP nanowires
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Example: InP nanowires

* InP nanowires — well-defined morphology

— vertically aligned
— mutually isolated
— diameter 150 nm, period 500 nm, length 1.3 um

— n-doped by Sn to 2.5x10'8 cm™

PDMS
.
500 istm S
PDMS
SEM image

Optical pump
&

THz probe
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Z Institute of Physics
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Academy of Sciences )
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Example: InP nanowires

* Charge confinement effects

— Characteristic parameters
* Fermi velocity: 10° m/s
* Times: electron scattering (100 fs) — probing period (1 ps)
* = Lengths: 100 nm — 1 pm = diameter (150 nm)

* Waveguiding of the excitation beam

— Excitation wavelength = period & diameter = interferences

— Analogy: photonic crystal lattice

. . Eapplied )
* Depolarization fields
— Inhomogeneous system ) E depolarization
— Maxwell-Garnett approximation (low filling fraction) )
E local — E applied E depolarization
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Example: InP nanowires

Excitation beam waveguiding N\
44 Eigiﬁ : 103 F 11075
nexc(Z) E gi N

0 n . . .
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+ Charge confinement effects > o
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Frequency (THz)

+ Depolarization fields = 610nm 4107
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Elocal = Eapplied - Edepolarizalion 10° Ll 13: z;z j: j
104 1016 1018
Photon flux (ph/m?) N
== Only 2 unknown parameters Experiment: symbols

- . . Theory: lines
— Mobility (electron scattering time 1) v

— Quantum yield of charges ¢
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Example: InP nanowires
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Example: InP nanowires

K. FET mobility

< 500 cm?V-ls!
I [Nano Lett. 12, 151 (2012)]

‘TL’H Flx
Y 23000 cm2V-1s!
(THz spectroscopy)
e 00
0 p, O
0O 0 p_ Stacking faults

 Barriers for longitudinal charge transport
» Not affecting transversal charge transport
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Microscopic calculations of THz Confined

Drude

(2009) < (1900)

- lassical
response of confined charges (semi- (classical)

classical/quantum) must be combined ™ Loatisic = 4
. . . . . 10° N
with effective medium approximation 2 \ O sk
. . Vloz-’[ﬂ‘:’[ \‘ 1,
(VBD model applies for a large variety R
of morphologies) L T
- W= E,

Onset of quantum | 102 100 10° 100 102 |45, Quantum
f (THz) (1950)

transitions

transitions

(2017) 1

Info encoded 1in THz spectra:
Nanoparticle size, clustering, band-
filling, presence of further forces,
percolation degree E

applied >

' E depolarization

P. Kuzel and H. Némec, Terahertz
Spectroscopy of Nanomaterials: a Close
Look at Charge-Carrier Transport. Adv. )
Op t. Mater. (Hl Y I'CSS) E local — E applied E depolarization
DOI: 10.1002/adom.201900623
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