
Hot Carrier Dynamics: THz Spectroscopy 
CharacterizationCharacterization

Technology of Next Level Technology of Next Level 
driven through innovationdriven through innovation



THTHZ Z PPULSES:  ULSES:  HHOT OT CCARRIER ARRIER TTRANSPORTRANSPORT

 TNLTNL--TSTS (THz(THz Spectroscopy)Spectroscopy) simulatorsimulator:: anan innovativeinnovative techniquetechnique appliedapplied forfor TNLTNL--TSTS (THz(THz Spectroscopy)Spectroscopy) simulatorsimulator:: anan innovativeinnovative techniquetechnique appliedapplied forfor
accurateaccurate predictionspredictions aboutabout hothot carriercarrier transportationtransportation propertiesproperties..
 CapableCapable toto simulatesimulate thethe freefree particleparticle motionmotion onon thethe threethree valleysvalleys overover fullfull bandband

structurestructure referrefer toto asas thethe freefree flightflight ofof thethe carriercarrier andand terminatedterminated byby instantaneousinstantaneous
randomrandom scatteringscattering eventsevents..
 SolutionSolution ofof BTEBTE throughthrough MonteMonte CarloCarlo (MC)(MC) methodmethod:: generatinggenerating randomrandom freefree flightflight

timestimes forfor eacheach particle,particle, choosingchoosing thethe typestypes ofof scatteringscattering processesprocesses basedbased onontimestimes forfor eacheach particle,particle, choosingchoosing thethe typestypes ofof scatteringscattering processesprocesses basedbased onon
specificspecific materialmaterial..
 ScatteringScattering eventsevents changechange thethe finalfinal energyenergy andand momentummomentum ofof thethe particleparticle afterafter

thethe scatteringscattering mechanism,mechanism,
 RepeatingRepeating thethe samesame procedureprocedure forfor thethe nextnext freefree flightflight..



Full Band Structure AnalysisFull Band Structure AnalysisFull Band Structure AnalysisFull Band Structure Analysis



FFULLULL BBANDAND SSTRUCTURETRUCTURE

 TheThe nonnon--equilibriumequilibrium timetime evolutionevolution ofof carrierscarriers andand lowlow--energyenergy excitationsexcitations withinwithin
subsub-- picosecondspicoseconds ((psps)) timetime resolutionresolution duedue toto thethe interactioninteraction withwith thethe THzTHz photonsphotons
involvesinvolves severalseveral additionaladditional complicationscomplications..
 TheThe formulationformulation ofof chargecharge carriercarrier dynamicsdynamics onon thethe electronicelectronic bandband structurestructure isis
beyondbeyond thethe equilibriumequilibrium transporttransport conditionsconditions..
 TheThe structurestructure andand sizesize ofof materialmaterial itselfitself dictatedictate andand decidedecide thethe physicsphysics ofof thethe TheThe structurestructure andand sizesize ofof materialmaterial itselfitself dictatedictate andand decidedecide thethe physicsphysics ofof thethe

collisioncollision processesprocesses duedue toto thethe presencepresence ofof localizedlocalized phonons,phonons, interfacialinterfacial excitationsexcitations
etcetc..



MMATERIALATERIAL EENGINEERINGNGINEERING

ElectronicElectronic bandband structurestructure calculationcalculation TwoTwo generalgeneral categoriescategories

Ab-initio methods Empirical methods

HartreeHartree--FockFock or Density Functional Theory or Density Functional Theory 
(DFT),(DFT),

Utilize a Utilize a variationalvariational approach to calculate approach to calculate 
the ground state energy of a manythe ground state energy of a many--body body 
system system 

OrthogonalizedOrthogonalized Plane Wave (OPW) Plane Wave (OPW) 
TightTight--binding [the Linear Combination of binding [the Linear Combination of 

Atomic Atomic OrbitalsOrbitals (LCAO) method](LCAO) method]
 the local empirical the local empirical pseudopotentialpseudopotential method method 

(EPM)(EPM)

EmpiricalEmpirical methodsmethods:: computationallycomputationally lessless expensiveexpensive aa relativelyrelatively easyeasy forfor
generatinggenerating electronicelectronic bandband structurestructure withwith accuracyaccuracy..

system system 
Computationally very expensive, sometimes Computationally very expensive, sometimes 

require massively parallel computersrequire massively parallel computers

(EPM)(EPM)
 the nonthe non--local empirical local empirical pseudopotentialpseudopotential

method (EPM).method (EPM).



MMATERIALATERIAL CCHARACTERIZATIONHARACTERIZATION

PlanePlane waveswaves andand empiricalempirical pseudopotentialspseudopotentials: proven useful technique to gain insightPlanePlane waveswaves andand empiricalempirical pseudopotentialspseudopotentials: proven useful technique to gain insight
into the electronic excitation spectrum of the solids The electron wave function is
the solution to the time-independent Schrödinger equation:

 The solutions form the basis of plane waves:The solutions form the basis of plane waves:

with



MMATERIALATERIAL PPARAMETERS ARAMETERS EEXTRACTIONXTRACTION

The velocity, v, of a particle represented by a wave packet centered around theThe velocity, v, of a particle represented by a wave packet centered around the
crystal momentum, k, is obtained from the dispersion relation between k and the
energy E as

Density of States:

Effective Mass:

Energy Band gap:

DD-- orbital known as conduction energy levels for orbital known as conduction energy levels for spsp33 & & spsp22 hybridization materialshybridization materials



TNLTNL--FFULLULL BBANDAND SSIMULATORIMULATOR

 IV,IV, IIIIII--VV andand IIII--VIVI alloysalloys usingusing ONLYONLY latticelattice IV,IV, IIIIII--VV andand IIII--VIVI alloysalloys usingusing ONLYONLY latticelattice
constantconstant “a”“a” ofof thethe compoundscompounds..

VVirtualirtual CrystalCrystal approximationapproximation usedused toto
obtainobtain “a”“a” forfor ternaryternary alloysalloys..

 InclusionInclusion ofof aa semisemi--empiricalempirical disorderdisorder
contributioncontribution..

NonNon--PParabolicityarabolicity && PParabolicityarabolicity effectseffects

 VariousVarious bandsbands andand valleysvalleys

TheThe absoluteabsolute minimaminima ofof thethe conductionconduction
bandband ofof lielie atat thethe ɼɼ pointpoint..

MainMain valleysvalleys energies,energies, effectiveeffective massesmasses
withwith nonnon--parabolicityparabolicity factors,factors, carriercarrier
groupgroup velocity,velocity, DOSDOS etcetc..



CCASE ASE SSTUDY: TUDY: ZnOZnO Thin FilmThin Film

Different DFT based calculated energy band gap of ZnO materials, LDA and PBE functional, LDA + U
functional, and hybrid functional (HSE06) along with the lattice parameters, structural internal parameters

DFT 
Methods

LDA PBE HSE06 LDA+U Experimental TNL-FB 
Simulator

a (Å) 3.2103 3.2844.5 3.2624.5 3.1976 3.25319-21 3.254

c (Å) 5.1363 5.2964.5 5.2124.5 5.1546 5.20519-21 5.21

functional, and hybrid functional (HSE06) along with the lattice parameters, structural internal parameters
(u) and disorder constants (P). The calibrated energy gap of ZnO materials using TNL-FB simulator and
Experimental band gap are also included for comparison.

c (Å) 5.136 5.296 5.212 5.154 5.205 5.21

u 0.380 0.378 0.381 0.378 0.380 0.380

P* 0.000 0.002 -0.001 0.002 0.000 0.000

Eg (eV) 0.79413 3.4134.5 2.4644.5 1.15416 3.443-5 3.428

** JournalJournal ofof ElectronicElectronic MaterialsMaterials ,, 20212021..



CCASE ASE SSTUDY: TUDY: ZnOZnO Thin FilmThin Film

tDS (nm)
t

Lattice 
Constant

Internal 
Parameter 

Bond 
Length (Å)

Optical 
Band 

Simulated 
Band gap

ZnO Samples
tDS (nm)

tWH

(nm)
Strain

Constant Parameter Length (Å) Band 
gap 
(eV)

Band gap
(eV)

(100) (002) (101) a (Å) c (Å)
u(P)

Undoped 11 18 10 26 6.5×10-3 3.246 5.238 0.398 2.013 3.22 3.22
0.45at.% Cd 16 20 17 13 -8.0 ×10-3 3.328 5.190 0.4023 2.009 3.20 3.19
0.51at.% Cd 19 21 19 26 1.5 ×10-3 3.332 5.161 0.4025 2.007 3.19 3.22

0.56at.% Cd 11 18 10 31 10.0 ×10-3 3.313 5.225 0.4040 2.006 3.15 3.15
1at.% Sr 14 10 17 7.48 -1.64×10-2 3.256 5.194 0.389 1.978 3.25 3.27
2at.% Sr 21 9 16 10.27 4.27×10-2 3.251 5.194 0.389 1.976 3.26 3.262at.% Sr 21 9 16 10.27 4.27×10 3.251 5.194 0.389 1.976 3.26 3.26

3at.% Sr 9 6 6 4.14 9.95×10-2 3.271 5.223 0.389 1.988 3.28 3.33
1at.% Fe 5 8 9 1.43 -14.8×10-2 3.236 5.194 0.380 1.967 3.24 3.26
2at.% Fe 3 5 7 0.65 -34.5×10-2 3.231 5.194 0.380 1.968 3.26 3.25

3at.% Fe 8 5 7 9.06 6.6×10-2 3.231 5.186 0.380 1.970 3.29 3.25

Undoped, Cd, Sr and Fe doped ZnO thin films (Sol gel) along with optical and simulated energy band gaps

** JournalJournal ofof ElectronicElectronic MaterialsMaterials ,, 20212021..



BBAND AND GGAP AP EENGINEERINGNGINEERING

 The experimentally observed c/a ratios are found different compare to the ideal crystal.  The experimentally observed c/a ratios are found different compare to the ideal crystal. 
 Strong correlation observed between the c/a ratio and the internal structure parameter (u)
 c/a ratio decreases, the u parameter increases in such a way that the four tetrahedral distances

remain nearly constant through a distortion of tetrahedral angles due to long-range polar
interactions

 The proposed model is verified against various experimental studies.
 The sol–gelgrown ZnO films have a different band structure and different band optical band gap

due to inclusion of impurities
 Successfully explained the experimental results with disorder effects



THTHZZ SSPECTRUMPECTRUM



 OverOver thethe pastpast decadedecade thethe DrudeDrude--SmithSmith modelmodel usedused successfulsuccessful inin reproducingreproducing thethe

IISSUESSSUES & C& CONCERNSONCERNS

 OverOver thethe pastpast decadedecade thethe DrudeDrude--SmithSmith modelmodel usedused successfulsuccessful inin reproducingreproducing thethe
localizationlocalization signaturessignatures observedobserved inin aa widewide varietyvariety ofof materialsmaterials

 withwith cc asas localizationlocalization (fitting)(fitting) parameterparameter

 StrongStrong deviationsdeviations thethe DrudeDrude modelmodel eveneven atat mesoscopicmesoscopic scalescale (the(the sizesize ofof thethe
confiningconfining structurestructure isis comparablecomparable toto thethe carriercarrier meanmean freefree path)path)

 thethe DrudeDrude--SmithSmith modelmodel bearsbears twotwo primaryprimary criticismscriticisms:: thethe DrudeDrude--SmithSmith modelmodel bearsbears twotwo primaryprimary criticismscriticisms::
(i)(i) No rigorous explanation for the assumption for backscatteringNo rigorous explanation for the assumption for backscattering
(ii)(ii) Fit parameters unknown beyond phenomenological expressions depend on multiple Fit parameters unknown beyond phenomenological expressions depend on multiple 

parametersparameters
(iii)(iii) LowLow--frequency conductivity suppression in some frequency conductivity suppression in some nanomaterialsnanomaterials



Solutions: TNLSolutions: TNL--TS SimulatorTS Simulator

MonteMonte CarloCarlo techniquetechnique forfor solutionsolution ofof BTEBTE forfor hothot
carriercarrier transporttransport behaviorbehavior

 DistributionDistribution function,function, carriercarrier mobility,mobility, electronelectron
meanmean energy,energy, populationpopulation ratio,ratio, averageaverage driftdrift
velocity,velocity, conductivityconductivity andand absorptionabsorption asas aa functionfunction ofof
THzTHz frequencyfrequencyTHzTHz frequencyfrequency

 DynamicsDynamics ofof hothot carrierscarriers withwith excitationexcitation andand dede--
excitationexcitation

 ImpactImpact ofof variousvarious typestypes ofof scatteringsscatterings



MMETHODOLOGYETHODOLOGY

Here f is the distribution function, Here f is the distribution function, F F is the is the FORCE FORCE fieldfield,.,.

E is the THz field strength and k is wave vectorE is the THz field strength and k is wave vector

 Solution of 6+1 dimensional is possible through:Solution of 6+1 dimensional is possible through:
 EnsembleEnsemble MonteMonte CarloCarlo (EMC)(EMC) techniquetechnique toto simulatesimulate nonnon--equilibriumequilibrium

transporttransport inin semiconductorsemiconductor physicsphysics isis moremore straightforwardstraightforward andand providesprovides
flexibilityflexibility inin exploringexploring physicalphysical mechanismsmechanisms andand carriercarrier transporttransport..



 ContinuousContinuous THzTHz PulsesPulses

MMETHODOLOGYETHODOLOGY

 ContinuousContinuous THzTHz PulsesPulses

EE00 is the peak amplitude of the driving THz pulse, f is the THz pulse frequency, n is the number of total time is the peak amplitude of the driving THz pulse, f is the THz pulse frequency, n is the number of total time 
steps and steps and dtdt is the time step between two successive events (the duration of the carrier interaction)is the time step between two successive events (the duration of the carrier interaction)

 TotalTotal timetime scalescale forfor eacheach THzTHz
pulsepulse isis 2020ps,ps, ensuresensures oneone
completecomplete singlesingle cyclecycle (period)(period)completecomplete singlesingle cyclecycle (period)(period)
ofof pulsepulse..
 ConditionCondition

duringduring oneone completecomplete
iterationiteration..



 EachEach particle'sparticle's velocityvelocity inin thethe yy--directiondirection atat eacheach timetime stepstep

MMETHODOLOGYETHODOLOGY

 EachEach particle'sparticle's velocityvelocity inin thethe yy--directiondirection atat eacheach timetime stepstep

Here vy,n-1 is the y-component of the velocity at the previous time step, e is the elementary charge, and Eo is 
the amplitude of the driving field. 

Current Density (Time domain)Current Density (Time domain)

Fourier TransformationFourier Transformation

Absorption CoefficientAbsorption Coefficient



SSCATTERINGSCATTERINGS
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WWORKINGORKING PPRINCIPLERINCIPLE

 TheThe firstfirst tasktask isis toto generategenerate freefree flightsflights ofof randomrandom timetime durationduration forfor eacheach TheThe firstfirst tasktask isis toto generategenerate freefree flightsflights ofof randomrandom timetime durationduration forfor eacheach
particleparticle..
 ThisThis timetime durationduration isis governedgoverned byby totaltotal timetime ofof MonteMonte--CarloCarlo simulationsimulation ofof 2020psps

divideddivided inin timetime stepssteps dtdt ofof 00..44fsfs givinggiving N=N=5000050000 stepssteps asas aa simulationsimulation pointspoints..
 TheThe pulsepulse isis delayeddelayed byby thethe timetime instantinstant ofof ¾th¾th ofof thethe timetime periodperiod ofof thethe appliedapplied

THzTHz signalsignal..
 AssumingAssuming thesethese conditioncondition oneone respectiverespective simulationsimulation willwill bebe runrun forfor 5000050000 stepssteps AssumingAssuming thesethese conditioncondition oneone respectiverespective simulationsimulation willwill bebe runrun forfor 5000050000 stepssteps

overover aa periodperiod ofof 2020psps..
 Hence,Hence, atat leastleast oneone periodperiod ofof thethe drivingdriving frequencyfrequency isis containedcontained inin everyevery

simulationsimulation whereinwherein ff >=>= 00..11THzTHz..
 ByBy defaultdefault 2000020000 particlesparticles areare toto bebe usedused..
 FlexibilityFlexibility toto usersusers:: NumberNumber ofof ParticlesParticles



Case Studies: Case Studies: GeGe



Case Studies: Case Studies: GeGe

 Slight mismatch at field strengths 5MV/m (0.8 Slight mismatch at field strengths 5MV/m (0.8  Slight mismatch at field strengths 5MV/m (0.8 Slight mismatch at field strengths 5MV/m (0.8 
THz THz -- 1.2 THz) and 1MV/m (1.6 THz < 1.2 THz) and 1MV/m (1.6 THz < ffTHzTHz < 2.0 < 2.0 
THz) respectively explained on the basis of the THz) respectively explained on the basis of the 
THzTHz--induced Kerr effect (TKE), induced Kerr effect (TKE), 

 Change in refractive index exhibits quadratic Change in refractive index exhibits quadratic 
dependence on an externally applied electric dependence on an externally applied electric 
field .  field .  

 Experimental singleExperimental single--cycle THz pulses with µJ cycle THz pulses with µJ 
energies is generated in a LiNbO3 (LN) crystal energies is generated in a LiNbO3 (LN) crystal 

••JánosJános HeblingHebling,, MatthiasMatthias CC.. Hoffmann,Hoffmann, HaroldHarold YY.. Hwang,Hwang, KaKa--LoLo YehYeh andand KeithKeith AA..
Nelson,Nelson, ObservationObservation ofof nonnon equilibriumequilibrium carriercarrier distributiondistribution inin GeGe,, Si,Si, andand GaAsGaAs byby
terahertzterahertz pumppump––terahertzterahertz probeprobe measurements,measurements, PhysPhys RevRev BB 8181,, 035201035201 ((20102010))..

energies is generated in a LiNbO3 (LN) crystal energies is generated in a LiNbO3 (LN) crystal 
by optical rectification of 100 by optical rectification of 100 fsfs pulses at 800 pulses at 800 
nm with the tiltednm with the tilted--pulsepulse--front method without front method without 
explaining the scope of THzexplaining the scope of THz--induced Kerr induced Kerr 
effect which is dominant at low peak field effect which is dominant at low peak field 
strengths . strengths . 



Case Studies: Case Studies: GeGe

Γ (Red), L(Blue) and X (Green) valleys with single cycle THz pulse (Black) with peak strength of 15 MV/m at 
0.25 THz frequency 



Case Studies: Case Studies: GeGe



Case Studies: Case Studies: GeGe



Case Studies: Case Studies: GeGe

The proper understanding of ultrafast The proper understanding of ultrafast The proper understanding of ultrafast The proper understanding of ultrafast 
nonlinear carriers dynamics on the basis of nonlinear carriers dynamics on the basis of 
solid physical foundation is carried out. solid physical foundation is carried out. 
The significant contributions of the various The significant contributions of the various 

types of scattering mechanisms on types of scattering mechanisms on 
complex conductivity of complex conductivity of GeGe crystal have crystal have 
been observed. been observed. been observed. been observed. 
The experimental complex conductivity The experimental complex conductivity 

and free carrier absorption spectra are and free carrier absorption spectra are 
successfully demonstrated theoretically successfully demonstrated theoretically 
with the help of proposed atomistic with the help of proposed atomistic 
technique.  technique.  



Case Studies: Case Studies: GeGe

Experiments Calibrated Experiments Calibrated 
for 

ELIELI--ALPSALPS
ELIELI--HU Nonprofit Ltd., HU Nonprofit Ltd., DugonicsDugonics tértér 13. H13. H--6720 6720 

Szeged, Szeged, BudapestiBudapesti útút 5, Hungary5, HungarySzeged, Szeged, BudapestiBudapesti útút 5, Hungary5, Hungary



Case Studies: Case Studies: GeGe

Absorption (m-1)  with respect to THz Freq at 10 kV/cm

 Material: Ge “n doped”

 Temperature: 294 K

 Different THz fields
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GeGe Characteristics: @10 kV/cm @ 294KCharacteristics: @10 kV/cm @ 294K

Conductivity [S/m] w.r.t THz at 10 kV/cm
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GeGe Characteristics: @10 kV/cm @ 294KCharacteristics: @10 kV/cm @ 294K

Scattering Rates (s-1) w.r.t Energy (eV)

Γ - Valley X - ValleyL - Valley



CARRIER TRANSITIONSCARRIER TRANSITIONS

ONLY Intervalley Scattering mechanism at 10 kV/cm



GeGe Characteristics: @181 kV/cm @ 294KCharacteristics: @181 kV/cm @ 294K

Absorption (m-1)  with respect to THz Freq at 181 kV/cm

 Material: Ge “n doped”

 Temperature: 294 K

 Different THz fields
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GeGe Characteristics: @181 kV/cm @ 294KCharacteristics: @181 kV/cm @ 294K

Conductivity [S/m] w.r.t THz at 181 kV/cm



GeGe Characteristics: @181 kV/cm @ 294KCharacteristics: @181 kV/cm @ 294K

Scattering Rates (s-1) w.r.t Energy (eV)

Γ - Valley X - ValleyL - Valley



GeGe Characteristics: @181 kV/cm @ 294KCharacteristics: @181 kV/cm @ 294K

Carrier Transitions due to Scattering mechanism at 181 kV/cmCarrier Transitions due to Scattering mechanism at 181 kV/cm



GeGe Characteristics: @441 kV/cm @ 294KCharacteristics: @441 kV/cm @ 294K
KV/CMKV/CM

Absorption (m-1)  with respect to THz Freq at 441 kV/cm
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 Material: Ge “n doped”

 Temperature: 294 K

 Different THz fields
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GeGe Characteristics: @441 kV/cm @ 294KCharacteristics: @441 kV/cm @ 294K

Conductivity [S/m] w.r.t THz at 441 kV/cm
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GeGe Characteristics: @441 kV/cm @ 294KCharacteristics: @441 kV/cm @ 294K

Scattering Rates (s-1) w.r.t Energy (eV)

Γ - Valley L - ValleyΓ - Valley
X - Valley

L - Valley



Carrier TransitionsCarrier Transitions

Carrier Transitions due to Scattering mechanism at 441 kV/cmCarrier Transitions due to Scattering mechanism at 441 kV/cm



GeGe Characteristics: @10 kV/cm @ CTCharacteristics: @10 kV/cm @ CT

Absorption (m-1)  with respect to THz Freq at 10 kV/cm
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 Material: Ge “n doped”

 Temperature: 97K

 Different THz fields

 Absorption coefficient
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GeGe Characteristics: @441 kV/cm @ CTCharacteristics: @441 kV/cm @ CT

Absorption (m-1)  with respect to THz Freq at 441 kV/cm
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 Material: Ge “n doped”

 Temperature: 97K (CT)
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GaAsGaAs Full Band StructureFull Band Structure



GaAsGaAs ResultsResults

Absorption (m-1)  with respect to THz Freq at 10 kV/cm
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ConclusionConclusion

 Successfully demonstrated the THz conductivity of a weakly confined Drude gas of electrons of Successfully demonstrated the THz conductivity of a weakly confined Drude gas of electrons of
Ge and GaAs at room and cryogenic temperatures.
 TNL-TS simulator predictions agree remarkably well with experimental data without any
assuming any fitting parameters artificially.
 The amount of absorbed THz energy and the number of carriers in the illuminated volume
indicates that the average energy deposited per free carrier at the highest pump pulse intensity
was recorded 2.1 eV in GaAs and 0.9 eV in Ge.
 Providing access to side valleys at higher energies: the L (0.31 eV) and X (0.52 eV) valleys in Providing access to side valleys at higher energies: the L (0.31 eV) and X (0.52 eV) valleys in
GaAs and the Γ (0.14 eV) and X (0.19 eV) valleys in Ge.
 The energized electrons scattered into the side valleys during the THz pump pulse because the
intervalley scattering time is typically on the sub-picosecond time scale.
 Since the mobility in the X valley of Ge is nearly five times smaller than in the initial L
valley, scattering into the X valley decreases the free-carrier absorption .
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