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Thepaperpresentsa review of experimentalinvestigationsof varioussemiconductormaterialsusedfor thedevelopmentof
ultrafastoptoelectronicdevicesactivatedby femtosecondlaserpulsesthathave beenperformedat theOptoelectronicsLabo-
ratoryof theSemiconductorPhysicsInstituteduringtheperiodfrom 1997to 2008.Technologyandphysicalcharacteristicsof
low-temperature-grown GaAsandGaBiAslayersaswell astheeffectof terahertzradiationfrom thefemtosecondlaserexcited
semiconductorsurfacesaredescribedandanalysed.
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1. Intr oduction

Terahertz(THz) frequency rangethat is spanning
fromseveralhundredsof GHztoapproximately10THz
is latelyattractinganenhancedinterestdueto its appli-
cationsin spectroscopy, imaging,andsensingof var-
ious, mainly organic andbiological, substances.The
numberof suchapplicationsis steadily increasingas
new advancedtechniquesfor electromagneticradiation
generationand detectionin this frequency rangeare
appearing. One of such techniquesthat has largely
contributed to the progressin the �eld of THz tech-
nologyis theso-calledTHz time-domain-spectroscopy
(TDS),whichusesshortpulsesof broadbandTHz radi-
ationgeneratedusingfemtosecondlaserpulses,a tech-
niquethathasevolvedfrom theresearchperformedin
1980s[1,2]. Althoughspectralresolutionof THz-TDS
is rathercoarse,worsethanthatof narrow-bandspec-
troscopictechniquessuchas Fourier transformspec-
troscopy, it hasseveral importantadvantages.Because
TDS systemsmeasureTHz electric�eld ratherthanits
power, thismeasurementis moresensitiveandcontains
time-resolved phaseinformation. Moreover, a good
THz beamquality of thosesystemsallows their im-
plementationin variousimagingapplicationsproviding
rich spectralinformation.

Femtosecondlaser pulses are converted to short
pulsesof electromagneticradiation, whose spectral

contentcouldbeseveral tensof THz by usingcompo-
nentsmadeof semiconductingor nonlinearopticmate-
rials. Similar componentsarethenusedfor measuring
thetemporalshapeof THz pulses.Themainadvantage
of thesemiconductorsis thatphotoconductive compo-
nentsmanufacturedfrom thesematerialsaremoreef-
�cient THz emittersandmoresensitive THz detectors,
thusthey canbeusedevenwith low power diodeor �-
bre lasers. However, semiconductormaterials,which
thesecomponentsare madeof, shouldmeeta set of
quiteuniquerequirements:they shouldhaveveryshort,
subpicosecondcarrierlifetimesaccompaniedby mod-
erateelectronmobility, a rather rare combinationof
materials'parameters.Mostwidely known of suchma-
terialsis so-calledlow-temperature-grown GaAs(LTG
GaAs).

Thisarticledescribesthework in investigatingsemi-
conductormaterialsusedfor THz photonicsapplica-
tionsperformedduringthelastdecadeat theOptoelec-
tronicslaboratoryof theSemiconductorPhysicsInsti-
tute in Vilnius, Lithuania. It consistsof threemain
parts. Firstly, we will describethe researchon LTG
GaAs and other GaAs crystalswith large deviations
from crystal stoichiometrythat is the main causeof
their unusualphysicalproperties.Lateron, technology
and physical propertiesof novel semiconductorma-
terial, LTG GaBiAs, that could be usedin THz-TDS
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systemsactivated by long-wavelength laserswill be
presented.The last part of the article is devoted to a
groupof physicaleffectsleadingto aninterestingphe-
nomenon,THz pulsegenerationat the semiconductor
surfacesilluminatedby femtosecondlaserpulses.

2. NonstoichiometricGaAs

2.1.Growthandstructural characterizationof
Be-dopedLTGGaAs

Sincethe discovery of uniquesemi-insulatingand
ultrafast carrier recombinationpropertiesof low-tem-
peraturemolecular-beam-epitaxy(MBE) grown GaAs
[3], it hasbecomethemostimportantmaterialfor ap-
plicationsin ultrafastoptoelectronics[4,5]. Shortcar-
rier lifetimes andhigh resistivity in this materialhave
beenshown to resultfrom excessarsenicin theform of
arsenicantisiteAsGa andgallium vacancy VGa point
defects[6]. IonizedAsGa defects,thedensityof which
is approximatelythreetimes larger than that of VGa
[7], serve asthemainelectrontraps.BecausetheVGa
densityis muchlower thanthe concentrationof AsGa
defects,only a few percentof As-antisitesareionized
andcanparticipatein the electrontrapping,while the
rest of antisitesremaininactive. Therefore,attempts
havebeenmadeto activateneutralAsGa centresby ad-
ditionally dopingLTG GaAswith compensatingaccep-
tor impurities.A naturalchoiceof theacceptorspecies
in GaAsis beryllium,which is known for beingreadily
incorporatedduringtheMBE growth.

Epitaxial LTG GaAs layers were grown on semi-
insulating (100)-orientedGaAs substratesin a solid
sourcemolecular-beam-epitaxy(MBE) system.As4/Ga
beamequivalentpressurerateequalto 10andagrowth
rateof 1.5 ¹ m=h wereusedfor all growth runs. The
substrateswere bondedto a molybdenumholder us-
ing high purity indium solder. After commoncleaning
of substratesurfacefrom oxides,500 nm thick GaAs
buffer layer was grown at 600±C substratetempera-
ture, thenthe growth wasinterruptedandthe temper-
aturewasloweredto 280±C (asmeasuredby athermo-
couple�x edat thesubstrateholder).Beryllium doping
wasperformedin the rangeof its nominalconcentra-
tions(NBe) from 5¢1017 to 2¢1019 cm¡ 3. Thethickness
of LTG GaAs:Belayerswasrangingfrom 1 to 3 ¹ m.
Three differently Be-dopedlayers were isochronally
annealedin a MBE reactorunderarsenicambientfor
20min at temperaturesrangingfrom 500to 800±C.

The structureof the LTG GaAslayerswasstudied
by cross-sectionaltransmissionelectron microscopy

Fig. 1. XTEM imageof a speciallygrown layeredepitaxialstruc-
ture(correspondingto Ref. [8]).

(XTEM) on several as-grown and annealedsamples
[8]. As-grown layerswith NBe = 1.5¢1018 cm¡ 3 were
of high crystallinequality up to a thicknessof about
3 ¹ m. The effect of beryllium dopingon the precipi-
tateformationis illustratedin Fig. 1, whereanXTEM
image of a grown layeredepitaxial structureis pre-
sented. This structure,annealedat 600±C, consisted
of a 0.5 ¹ m thick GaAsbuffer layercoveredby anun-
doped1.2 ¹ m thick LTG GaAs layer, and then by a
1.7 ¹ m thick Be-doped(NBe = 3.5¢1018 cm¡ 3) LTG
GaAs layer. Both LTG GaAs layersare mostly dis-
cerniblebecauseof a high densityof As precipitates
(almostinvisible on this picturefor the top layer) that
are formed during the annealing. Beryllium doping
leadsto a decreaseof theaverageAs precipitatediam-
eter, which is in agreementwith the previous results
[9]. High crystallinequality of the Be-dopedmaterial
is alsoclearlyseenin Fig. 1.

The structureof Be-dopedLTG GaAs layers was
also studiedby the X-ray quasi-forbiddenre�ection
(XQFR) method [10] and by high-resolutionX-ray
diffraction technique(XRD) [11]. The �rst of these
methodsemploys, for example,(002)and(006)re�ec-
tions in the GaAs structure. They are called quasi-
forbidden becauseof very small differencesin scat-
tering factors betweengallium and arsenicand are
very sensitive to thechemicalcompositionof thecrys-
tal. It hasbeenshown in [10] that in as-grown LTG
GaAs:Betheberylliumdopantsubstitutesfor Gaatoms
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Fig. 2. Relative lattice parametermismatchbetweenthe LTG
GaAs:Belayerandthesubstrateasafunctionof theannealingtem-

perature(correspondingto Ref. [15]).

Fig. 3. Resistivity of theLTG GaAslayerasa functionof thean-
nealingtemperature(correspondingto Ref. [15]).

and introducessomelocal lattice distortions. These
conclusionswerecon�rmed by theresultsof XRD ex-
periments[11]. Figure2 presentstherelativelatticepa-
rametermismatchbetweentheLTG GaAs:Belayerand
substrateas a function of annealingtemperature.In-
creasingtheannealingtemperatureto 600±C resultsin
a completerelaxationof crystallinelatticeof the layer
and all lattice parameterdifferencesvanish. At that
temperaturethefull widthathalfmaximumof therock-
ing curve is thesmallestfor all threeBeconcentrations
usedin the experiments.At larger annealingtemper-
atures,the latticemismatchappearsagain, mostprob-
ably, dueto the increaseof Be impurity mobility and
their activation as acceptors[12]. BecauseBe atoms
in LTG GaAslayersaresubstitutional,they preventva-
cancy assisteddiffusionof As into precipitatesandsta-
bilize AsGa defects.

Measurementsof electricaltransportcharacteristics
haveshown thatresistivity of thesamplesgenerallyin-

Fig. 4. Photogeneratedcarriers'dynamicsmeasuredby threedif-
ferent techniqueson LTG GaAs layer grown at 250±C and an-
nealedat 650±C. PL is temporally-resolved photoluminescence
up-conversion,DR is dynamicoptical re�ectivity, andDT is two-

colourdynamictransmitivity (correspondingto Refs.[8,13]).

creasesafterannealingandreachesmaximumatthean-
nealingtemperaturesof about650±C (seeFig. 3 [8]).
Annealingreducesthe numberof AsGa, leadingto a
decreaseof the hoppingconductivy that is dominat-
ingelectricaltransportin as-grownLTGGaAssamples.
For annealingtemperaturesabove700±C,adecreasein
resistivity is observed. It is probablydueto a moreef-
�cient activation of Be acceptors,which leadsalsoto
theappearanceof p-typeconduction.

Summarizingthe resultspresentedin this section,
dopingof LTG GaAswith beryllium enhancesthema-
terials' homogeneityby preventing the nucleationof
the As-precipitates.Layerswith the highestresistiv-
ity thataremostappropriatefor manufacturingTHz ra-
diation componentscanbe obtainedwhenBe doping
is rathermoderate(NBe » (3–4)¢1017 cm¡ 3) andover
a very limited rangeof the annealingtemperaturesof
about650±C.

2.2.Carrier dynamicsin LTGGaAs

Dynamical propertiesof photoexcited nonequilib-
rium electronswere studied by several techniques,
which include time-resolved photoluminescenceup-
conversion (PL), dynamic optical re�ectivity (DR),
dynamicphotoconductivity (PC), and two-colour dy-
namictransmitivity (DT). In the�rst threeexperiments
100 fs durationpulsesfrom a Ti:sapphirelaserwith
a centralwavelengthof » 800 nm were used. In the
caseof DT, 800nm pulseswereusedfor carrierexci-
tation,whereas1450nm wavelengthpulseswereused
for probingthedynamicsof electrontrappopulation.

Figure4 illustratestransientsmeasuredby threedif-
ferenttechniqueson LTG GaAslayergrown at 250±C
and annealedat 650±C [8,13]. The characteristic
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Fig. 5. PL transientin arsenicion implantedGaAsannealedat500
OC. A cross-correlationbetweenthepumpandprobelaserpulses

is shown by a full curve (correspondingto Ref. [14]).

decaytime of the PL andTR transientsaswell asthe
risetime of DT transientareof theorderof 500fs and
are interpretedas the electroncapturetime. On the
otherhand,thedecayof DT signalis characterizedby
a timeconstantof theorderof severalpicosecondsthat
is de�ned by thetrapemptyingrate.

In as-grown LTG GaAs layers, the electronsare
trappedon a time scale shorter than 100 fs, there-
forethisdynamicsis impossibleto investigateby using
standardpump-and-probetechniques.In [14] we stud-
iedelectrontrappingin as-grown LTG GaAsindirectly,
by investigating PL spectraldependences.Because
photo-excitedelectronsin thismaterialarecapturedby
thetrappingcentresfasterthanthey reachthermaldis-
tribution, the photoluminescencespectrumis peaking
not at the vicinity of the band-edgeenergy (» 1.4 eV
for GaAs)but aroundthephotoexcitationenergy. Fig-
ure5 showsatypicalPL transientataphotonenergy of
1.52eV asmeasuredby up-conversiontechniquein as-
grown LTG GaAs. As canbeseen,PL curve is nearly
the sameas the cross-correlationbetweenthe pump
pulseandthe light scatteredfrom the samplesurface.
This meansthattheelectronsarepresentin thesample
only duringthe light pulseandtheir lifetime is shorter
that the laserpulsedurationof 100 fs. The PL spec-
trummeasuredatthepeaksof thetransientsis shown in
Fig. 6; it monotonouslydecreaseson thebothsidesof
a maximumsituatedneartheenergy at which theelec-
tronsareexcitedby thelaserpulse.Comparisonof this
spectrumwith the onemeasuredunderthe samecon-

Fig. 6. PL spectrain (a) annealedand(b) as-grown LTG GaAs.
Pointsaretheexperimentaldatameasuredat thepeaksof PL tran-
sients,full curve inicatesthe resultsof a Monte Carlo molecular
dynamicssimulation for carrier trapping times of (a) 30 fs and

(b) 70 fs (correspondingto Ref. [14]).

ditionson anannealedLTG GaAsallows a roughesti-
mationof carrierlifetimesby interpolatingthemissing
partsof the spectrumand assumingthe sameproba-
bility of radiative transitionsin bothas-grown andan-
nealedsamples,we obtain a value of 60 fs for car-
rier lifetime in as-grown LTG GaAs. A slightly larger
valueof thislifetime (70fs)wasobtainedbycomparing
the measuredPL spectrumwith the resultsof the nu-
mericalsimulationusingMonte Carlo/ moleculardy-
namic technique[14]. Comparingcarrier lifetimes in
as-grown andannealedLTG GaAshasbeenvery im-
portantfor resolvingthe debateon which one of the
competingmodels– As-precipitatemodel[15] or deep
As antisitetrap model[16] – is adequatelydescribing
electronrecombinationin thismaterial,in favourof the
secondone.

Electrontrappingtimesin BedopedLTG GaAswas
determinedin [17]. It hasbeenfound that, contrary
to the expectations,thesetimesaregrowing with the
increaseof the Be-acceptordensity. An abruptreduc-
tion of the electrontrappingtime is observed only in
annealedLTG GaAsat ratherhigh dopinglevels. This
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Fig. 7. Energy band structureof LTG GaAs (correspondingto
Ref. [19]).

behaviour canbe explainedif we assumethat at least
someof the Be atomsoccupy the sitesof gallium va-
canciesin thelattice. In non-dopedLTG GaAsVGa are
themainacceptorsthatcompensatedeepAsGa donors
and determinethe densityof ionizedAsGa

+ electron
traps.BecauseVGa is atriple acceptor[18], its replace-
mentby Be, which is a single-ionizedacceptor, would
leadto the reductionof AsGa

+ aslong asNBe is less
thanthedensityof VGa.

The informationon hole trappingprocessesin LTG
GaAsisscarce,althoughit isasessentialastheelectron
trapping parametersfor the designof devices work-
ing at high repetition frequencies. Direct monitor-
ing of the photoexcited hole densitydynamicsin the
valencebandof LTG GaAs was performedby using
two-colourpump-and-probetechnique[19]. Nonequi-
librium carriers were excited by femtosecondnear-
infrared(800nm) pulsesandprobedwith 9 ¹ m wave-
lengthmid-infraredpulses.The latterwavelengthcor-
respondsto thetransitionsbetweentheheavy andlight
holevalencebands(Fig. 7), thesetransitionsbeingap-
proximatelyby one order of magnitudemore intense
thanthe free-electronabsorption.It hasbeenfound in
[19] thattheholetrappingtime in as-grown LTG GaAs
is of the orderof 1 ps andmorethat 10 times longer
in the annealedmaterial. The correlationof the val-
uesof this parameterwith thechangesof AsGa defect
stateinducedby additionaldopingof thelayershasled

to theconclusionthatphotoexcitedholesin LTG GaAs
aremainly trappedby neutralAs antisites.

Since the main defectsdeterminingphotoexcited
carrier trappingin LTG GaAsare ionizedandneutral
As antisites,themostimportantparametersdescribing
this processarethedensityof thoseantisitesandtheir
capturecross-sectionsfor electronsandholes. These
parameters,which are determiningelectronand hole
trappingtimesvia relation

1
¿n;p

= ¾n;p Nn;p º n;p ; (1)

were evaluatedin [8]. In formula (1) ¿n and ¿p are
the electronand hole trapping times, ¾n and ¾p are
theircapturecross-sections,Nn andNp aretheirdensi-
ties,andº n andº p aretheir thermalvelocities,respec-
tively. Electronandhole trappingcross-sectionshave
beenfoundto beof theorderof ¾n = 10¡ 13 and¾p =
10¡ 15 cm2, respectively.

2.3.Ion-implantedGaAs

An alternative to low-temperatureMBE growth way
of producinghighlynon-stoichiometricGaAsis theim-
plantationof this crystalby largedosesof high energy
As ions[20,21]. Ion implantationhastheadvantageof
incorporatingcontrolledamountsof excessarsenicand
alsothe�e xibility of creatingthenon-stoichiometryin
localizedregionsof a wafer. As-implantedandsubse-
quentlyannealedGaAshasbeenfoundto have electri-
cal andrecombinationcharacteristicscloseto thoseof
LTG GaAs[21]. For example,electrontrappingtimein
GaAsimplantedby 2 MeV energy As ions wasequal
to 30 fs beforeannealing[14] and1 psafterannealing
at600±C temperature[21], respectively.

Surprisingly, similar resultswereobtainedalsoafter
implantingGaAsby otherheavy ions: Ga[22], Si, and
O [23]. Trappingtime dependenceson the implanta-
tion dosefor four implantedspeciesafter 600±C an-
nealingareshown in Fig. 8. A monotonicdecreaseof
thetrappingtimeswith increasingimplantationdoseis
observedin all cases.Thevaluesof thecarriertrapping
timesin GaAsimplantedat a certaindoseof different
ionsaresurprisinglycloseto eachother, althoughsome
correlationwith theatomicmassof the implantedele-
mentis observable: shortertrappingtimesarepresent
in materialsirradiatedby heavier ions.Laterinvestiga-
tions[24,25] have shown thatthemechanismof ultra-
fastcarrierrecombinationin ion-implantedGaAsis es-
sentiallythesameasin LTG GaAs,i. e. theircaptureto
thenon-stoichiometryrelatedpointdefects.A compar-
ison of thesetwo non-stoichiometricGaAs materials
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Fig. 8. Measuredtrappingtime in implantedGaAsasa functionof
thedoseof four differentimplants.Ion energy was2 MeV (As, Ga,
andO) and1 eV (Si); all sampleswereannealedat 600±C after

implantation(correspondingto Refs.[22,23]).

Fig. 9. Electronandhole lifetimes in differentnon-stoichiometric
GaAsmaterials(correspondingto Ref. [26]).

from thepointof view of theirapplicationin THz opto-
electronicdeviceshasbeenmadein [26]. It is shown in
Fig. 9, whereelectronandholetrappingtimesin GaAs
obtainedby differenttechnologyarepresented.

LaseractivatedTHz emittersanddetectorsare,es-
sentially, photoconductive componentsintegratedwith
wide-bandantennae,therefore,Si-implantedGaAscan
beexcludedfrom theconsiderationbecauseof its large
electricalconductivity andratherlongelectrontrapping
times. On the other hand,As, Ga, and O-implanted
GaAsarehighly resistive after thermalannealingand
can be usedas substratesfor THz photoconductors.
Electrontrappingtimesin thesecrystalsarequiteshort;
however, they approach1 ps only when the implan-
tation dose is very large (¸ 1016 cm¡ 2). For such
largedoses,electronmobility in thematerialbecomes
small, thusa wide bandwidthof the device is achiev-
ableonly at the costof its lower ef�ciency andsensi-
tivity. Fromthis point of view theuseof LTG GaAsis

morepreferable,becausethe electronmobility in this
materialremainsatasatisfactorylevel evenwhentheir
trappingtimesaremuchshorterthan1 ps. However,
ion-implantedGaAscrystalsare,in general,character-
ized by considerablyshorterhole trappingtimesthan
LTG GaAs.Shortholetrappingtimesareessentialfor
suchdevicesascw THz emittersanddetectorsbased
on theopticalmixing effects[27].

3. GaBiAs layers for THz optoelectronic
applications

3.1.GaBiAstechnologyandmaterialproperties

Themajority of theoptoelectronicTHz systemsare
presentlyusing femtosecondTi:sapphirelasersemit-
ting at the wavelengthsaround 800 nm and photo-
conductive componentsmadeof LTG GaAs epitax-
ial layers. Becausethe Ti:sapphirelaser requiresa
rather complicated,many-stageoptical pumping ar-
rangement,thesesystemsare quite bulky and com-
plicated. One solution to this problemwould be us-
ing lasersemitting in the spectralrangesclose to 1
or 1.5 ¹ m, which can be directly pumpedby laser
diodebars. However, the absorptionedgeof GaAsis
at the wavelengthsof » 0.9 ¹ m, thus this material is
not suitablefor devices activatedby compact,diode-
pumpedsolid-stateor �bre lasersemitting at longer
wavelengths.Thesewavelengthscouldbeemployedin
InGaAs,however, attemptsto grow LTG InGaAshave
led to only limited successbecausethe shortestcar-
rier lifetimesachievedareonly » 2 ps [28], and,most
importantly, the materialhaslow resistivity, which is
a seriousobstaclefor its applicationsin photoconduc-
tors. InGaAslayerswith subpicosecondlifetimes and
reasonablyhigh resistancewereobtainedonly by the
implantationwith MeV energy ions [29,30], which is
auniqueandcostlyprocedure.

Our choicefor materialfor THz optoelectronicde-
vices activated by long-wavelength laser pulseswas
GaBiAs alloy. Previously, therehave beenseveral at-
temptsto grow GaBiAs on GaAssubstratesby MBE
technique. The main purposeof theseefforts was to
produceamaterialwith weaker, comparedto otherIII–
V compounds,temperaturedependenceof bandgapen-
ergy for the applicationsin diode laseractive layers
[31,32]. It hasbeenfound [33] that the bandgap of
GaBiAsdecreaseswith theincreaseof Bi contentmuch
faster than for adding In in InGaAs, consequently,
the latticemismatchbetweenGaBiAsalloy andGaAs
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Fig. 10. Energy bandgap of GaBix As1¡ x asa function of the Bi
contentin thelayer(correspondingto Ref. [35]).

substrateis up to four timessmallercomparedto In-
GaAswith thecorrespondingbandgap.

BecauseBi is a largeatomascomparedto bothGa
andAs, it hasatendency of asurfacesegregationandis
dif�cult to incorporateinto thecrystallinelatticeunder
standardMBE growth conditions.Therefore,in order
to obtainasigni�cant Bi incorporationit is necessaryto
performthegrowth atsurfacetemperaturesmuchlower
than» 600±C thataretypical of MBE growth of GaAs
[33]. Reducedgrowth temperaturecould,asin thecase
of LTG GaAs,leadto thepresenceof structuraldefects
acting as fast trapsfor non-equilibriumcurrentcarri-
ers,whichwould impair theperformanceof light emit-
tersmadeof GaBiAslayersbut couldbeadvantageous
for ultrafastphotoconductive devicesmanufacturedon
theirbasis[34].

GaBiAslayersweregrown onsemi-insulatingGaAs
substrateswith 3± off crystallographic(100) planes
in a solid-stateMBE system. After a standardsub-
stratecleaningfrom oxides, a GaAs buffer layer of
500 nm thicknesswas grown at 600±C with As/Ga
beamequivalent pressureratio (BEPR) of about 20.
Thenthegrowth wasinterruptedandthesubstratetem-
peraturewaslowereddown to temperaturesin therange
from 240 to 330±C (lower than the growth tempera-
turesfrom 350to 410±C usedin [32]) with simultane-
ousdecreasingof BEPRto about7 in orderto grow a
400nm thick LTG GaAsand,immediatelyafterwards,
a GaBiAs layer. Finally, an 8–15¹ m thick protective
GaAscaplayerwasgrown ontopof thestructureat the
sametemperatureaswasusedfor GaBiAsgrowth.

Bismuthcontentin epitaxiallayerswasmeasuredby
two techniques:XRD usingaCuK®1 line andRuther-
ford backscatteringspectroscopy [35]; bothtechniques
have led to very closeresultsfor all GaBiAslayersin-

vestigated.Energy bandgapof theGaBixAs1¡ x alloys
was also investigatedby several independentexperi-
ments: spectralmeasurementsof optical absorption,
photoconductivity, andphotoluminescence.Theresults
of different experimentsare summarizedin Fig. 10,
wherethebandgapof GaBixAs1¡ x is shown asa func-
tionof Bi contentin thelayer. Ascanbeseenin this�g-
ure, the rateof the bandgap reductionwith increasing
Bi contentis approximatelyequalto ¡ 62 meV=%Bi,
whichcoincideswith thedataobtainedpreviously [36]
andis muchlarger thana correspondingparameterfor
InxGa1¡ xAs alloy (¡ 12meV=%In) [37].

Electricalparametersof thelayerswereinvestigated
by the Hall-effect andresistivity measurements.Con-
ductivity of all layerswasof p-type, with a hole con-
centrationof the order of 1014 to 1015 cm¡ 3 and
the resistivity in someof the caseswas larger than
2000­ cm. Theelectronmobility in GaBixAs1¡ x lay-
erswasdeterminedfrom theopticalpump– THz probe
experiments[38,39]. It hasbeenfound to be aslarge
as2000cm2=(V s)[38] and2800cm2=(V s)[39], much
largerthanelectronmobility in LTG GaAs.

It hasbeenshown in [40] that large bandgap shift
of GaBixAs1¡ x can be explainedby a valenceband
anti-crossingmodelastheresultof the interactionbe-
tweenthe extendedstatesin GaAs valencebandand
resonantT2 statesof the Bi atoms. Comparingwith
GaNAs alloy, wheresimilarbandgapshift is causedby
aconductionbandanti-crossing[41], low-temperature-
grown GaBiAs is more suitablefor photoconductive
applications. Nitrogen createsresonantdonor levels
in GaNAs causingthe reductionof the dark resistiv-
ity of thelayers,whereasacceptorlevelsintroducedby
Bi in GaBiAs canenhancethe compensationof AsGa
donorscreatedduring the growth of this alloy at low
temperaturesandincreaseboththedarkresistivity and
the electrontrappingrate. Moreover, the lowestcon-
ductionsubbandin GaNAs is characterizedby a very
low electronmobility [42], in contrastwith GaBiAs,
wherethe conductionbandstatesdo not mix with the
impurity statesandtheeffect of the latteron theelec-
tronmobility is minimal.

3.2.OptoelectronicTHzradiationcomponentsfrom
GaBiAs

Photoexcitedcarrierrelaxationin GaBiAslayershas
beenstudiedby the optical pump – THz probetech-
nique.Yb:KGW laserpulses(wavelengthof 1030nm,
pulse duration of 70 fs, and pulse repetition rate of
76 MHz); THz radiationpulseswereemittedandde-
tectedusinga photoconductive antennaemadeof LTG



366 A. Krotkusetal. / LithuanianJ. Phys.49, 359–372(2009)

Fig. 11. Optically inducedTHz absorptiontransientsmeasuredon
a GaBi0:08 As0:92 samplegrown at 260±C for threedifferentexci-

tationlevels(correspondingto Ref. [62]).

GaBiAs.A 1.8mmdiameterpinholewasusedto over-
lap THz and visible beamson the sample. The spot
sizeof the optical pumpbeamwaslarger thanthe di-
ameterof thepinholesothattheTHz probepulseshave
beensamplingnearly uniformly photoexcited sample
region. The temporalresolutionof this measurement
was» 800 fs; carrier lifetimes werestudiedwhenthe
averagepower of theopticalpumpbeamwaschanged
from 50 to 600 mW, which is correspondingto pho-
toexcitedelectronandholedensitiesin therangefrom
1015 to 2¢1016 cm¡ 3. Thesemeasurementswereper-
formedat roomtemperature.

Figure 11 presentsthe results of this pump-and-
probeexperimentperformedon a GaBi0:08As0:92 sam-
ple grown at 260±C for threedifferentphotoexcitation
levels. Two main featuresareevidenton theseexperi-
mentaltraces.Firstly, thedynamicsof theoptically in-
ducedTHz absorptionthatis representedby thecurves
shown on Fig. 11 clearlyconsistsof two parts:a faster
decayinginitial part that is, mostprobably, causedby
trappingof moremobile electronsanda muchslower
decayingtail which canbeattributedto hole trapping.
Secondly, the characteristictime of the fast decaying
partof thedynamicsis increasingwith theintensityof
thepumpbeam,afeaturethatis usuallyassociatedwith
trap�lling andsaturationeffects.

Thelattereffect canbeusedfor estimatingelectron
trap characteristicsof the materialby comparingex-
perimentalvaluesof the apparentelectrondensityde-
caytimesat variousexcitationintensitieswith a corre-
spondingtheoreticaldependence.If oneassumesthat
the holesaretrappedmuchslower thanthe electrons,
the latterdependencecanbefoundby solving therate

Fig. 12. Excitation level dependencesof the apparentelectron
lifetimes for threeGaBix As1¡ x samples.Pointsareexperiment,

curvesaremodelling(correspondingto Ref. [62]).

equationsfor free andtrappedelectronsn andn t , re-
spectively:

dn
dt

= G(t) ¡ ¾t n(N t ¡ nt )º th ; (2)

dn
dt

= ¾t n(N t ¡ nt )º th : (3)

HereG(t) is thephotocarriergenerationratebyaGaus-
sianshapedfemtosecondlaserpulse,¾t is theelectron
trappingcross-section,N t is thetrapdensity, andº th is
thethermalvelocityof theelectrons.

Figure 12 presentsthe experimentalvaluesof the
electrondecay time as a function of averagepump
beamintensityfor threedifferentLTG GaBiAs layers
with their best�t to the resultsof themodelling. This
�tting hasyieldedthe following valuesof theelectron
trap parametersin LTG GaBiAs: ¾t = 4¢10¡ 13 cm2,
N t = 2.8¢1016 cm¡ 3 (for the layer A) and N t =
4.2¢1016 cm¡ 3 (for the layers B and C). Comparing
thesevalueswith thecorrespondingAsGa trapparame-
tersin LTG GaAswith similar electrontrappingtimes,
onecanseethat the electroncapturecross-sectionin
LTG GaBiAsis approximately4 timeslarger[8]. This
canbe understoodwhenoneremembersthat GaBiAs
is p-type material,thereforeAsGa donorsin this ma-
terial can be double-ionized,thus their attractive po-
tentialcanbestrongerandcapturecross-sectionlarger
thanfor single-ionizeddonors. BecauseAsGa donors
arefully ionized,shortelectronlifetimesin GaBiAsare
achievedat muchlower overall AsGa densitiesthanin
LTG GaAswhereonly asmallpartof thesedefectsare
ionizedandactaselectroncapturecentres.Thismakes
LTG GaBiAsprospectivematerialfor pulsedoptoelec-
tronicTHz radiationemittersanddetectors.
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Fig. 13. (a) Shapeof the THz pulseand(b) its Fourier spectrum.
The emitter and detectorare madeof GaBiAs (correspondingto

Ref. [43]).

Photoconductive THz detectorsmanufacturedfrom
LTG GaBiAs layerswere, for the �rst time, demon-
stratedin [43]. By using 70 fs durationpulsesfrom
a Yb:KGW laser and a p-InAs crystal as a surface
emitter, the spectralwidth of more than 2 THz and
thesignal-to-noisepower ratio of 60 dB werereached.
Evenbetterparametershave beenachievedwhenLTG
GaBiAsphotoconductorswereusedbothfor THz pulse
generationand its detection[44]. In this case,in or-
der to achieve larger dark resistancesof the emitters,
mesa-etchingof the bismide-arsenidelayer was used
leaving only theactive partof theGaBiAslayer in the
photoexcitedgapregion. Figure13 shows theshapeof
the obtainedTHz pulseand its Fourier spectrum.As
seenfrom this �gure, the frequency spectrumof the
THz transientextendsasfarasto » 4.5THz; atthehigh
frequency sideit is, mostprobably, limited by the ab-
sorptionin theGaAssubstrate.

4. Semiconductorsurfaceemitters

4.1.Mechanismsof thesurfaceemission

The majority of semiconductorcrystalswhen illu-
minatedwith femtosecondlaserpulsesradiateTHz ra-
diation pulses. Generallyspeaking,THz radiationat
thephotoexcitedsemiconductorsurfacecanbeemitted
by a dipole that is inducedeitherdueto a fastchang-
ing photocurrentor by thenonlinearpolarizationof the
material. In the far �eld region, the THz �eld canbe
expressedas

ETHz = ¡
S

c2R

1Z

0

µ
@j
@t

+
@2P
@t2

¶
dz ; (4)

wherec is the speedof light in vacuum,R is the dis-
tancefrom thepoint of observation to theemitting re-
gion, S is the areaof the laser excited spot on the
semiconductorsurface; j and P are the photocurrent
andnonlinearpolarizationcomponentsin thedirection
of the THz wave polarization,respectively. Integra-
tion in the relation (4) is carried out over the depth
z. It is importantto point out that the expression(4)
is correctwhenthediameterof the illuminatedspotis
smallerthanthe wavelengthof the emittedTHz radi-
ation,otherwisethedipoleapproachis not correctand
THz �eld amplitudeshouldbedeterminedby summing
upthepartialwavesemittedby theseparatesurfaceele-
mentsandby takinginto accounttheir phaserelations.
In following we will discussdifferentphysical mech-
anismsleadingto theappearanceof the transientpho-
tocurrentor low-frequency nonlinearpolarizationcom-
ponentsenteringrelation(4).

Electronsand holesthat are optically generatedin
a semiconductordueto theabsorptionof femtosecond
laserradiationarespatiallyseparatedby thebuilt-in or
externalelectric�eld, which resultsin a transientpho-
tocurrentvaryingon a subpicosecondtime scale.This
fastvaryingphotocurrentcanbeaneffective sourceof
THz radiationwith the amplitudede�ned by the time
derivativeof thephotocurrent.Thismechanismof THz
generationis known asa photocurrentsurgeeffect and
it is realizedin THz emittersmadeof thesemiconduc-
torswith astrongbandbendingat their surface.

In theso-calledphoto-Dembereffect a spatialsepa-
rationof electronsandholesoccursdueto their differ-
ent mobilities. Photoexcited electronsdiffusing from
their excitation point at the surfacetowardsthe bulk
of thematerialsurpassthe lessmobileholesand,asa
result, the spacecharge and the electric �eld appear.
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This electric �eld startsto slow down the photoelec-
tronsandto acceleratetheholes,therefore,eventually
both typesof photocarriersstart to move as a single
quasineutralpacket. Thephoto-Dembereffecthasbeen
usuallystudiedfor the caseof a stationaryphotoexci-
tation whenthe drift-diffusion approachis correct. In
this case,theDemberphotovoltageis typically low, of
the order of 10¡ 2 V. However, in the majority III–V
andIV–VI narrow-gapmaterialsthecharacteristictime
of theelectron–LOphononscatteringis around200fs;
thesescatteringprocessesleadonly to small changes
in electronmomentum,therefore,during the �rst few
hundredsof femtosecondsafterthephotoexcitationex-
citation, the electronmotion is purely ballistic rather
thandiffusive. As theresult,theDemberphotovoltages
in thesematerialscanbequitelarge,of theorderof 1 V
andmore.

The lowest order nonlinearoptical responseof a
non-centrosymmetriccrystal is causedby the second
ordersusceptibilityÂ2 thatleadsto thesumanddiffer-
encefrequency generation.In thecasewhentheoptical
beamcontainsnearly the samefrequencies(which is
typicalof femtosecondlaserspectra)andinteractsnon-
linearly with thecrystal,thedifferencefrequency is in
thedc rangeandtheinducedpolarizationis referredas
optical recti�cation (OR) with the inducedchargedis-
placementfollowing theopticalpulseenvelope.When
a built-in dc �eld Es is presentat the semiconductor
surface,transientTHz polarizationcanalsobeinduced
dueto the third-ordernonlinearsusceptibilityÂ3; the
THz pulsemagnitudegenerateddueto this electrical-
�eld-induced optical recti�cation (EFIOR) effect will
beproportionalto theeffective secondordersuscepti-
bility Â2Âe®

2 = Â3Es.
As a �ngerprint of nonlinearopticalTHz pulsegen-

eration mechanisms,the dependenceof the emitted
THz pulseamplitudeon the orientationof the optical
�eld with regardto thecrystallographicaxesis usually
considered.It hasto bepointedout thattheseso-called
azimuthalangledependencesof the THz emissionef-
�ciency from zinc-blendesemiconductorslike GaAs
measuredat differentcrystallographicplanescanalso
helpin distinguishingbetweenORandEFIORmecha-
nisms[45,46].

WhenconsideringTHz emissionfrom the surfaces
of particular semiconductormaterials, simultaneous
action of several physical mechanisms,both of the
photocurrentsurge type andnonlinearoptical effects,
should be taken into account. Figure 14 presentsa
comparisonof THz pulseamplitudesemittedunderthe
sameexperimentalconditionsfrom thesurfacesof sev-

Fig. 14. Comparisonof THz emissionef�ciency from various
semiconductors'surfacesexcited by a femtosecondlaserat 1030

and800nmwavelengths(correspondingto Ref. [63]).

eralsemiconductormaterialsat two femtosecondlaser
wavelengths:800nm,correspondingto theTi:sapphire
laserand1.03 ¹ m (Yb:KGW laser). In the following
wewill discussthemainfeaturesof thiseffect in some
materialsin detail.

4.2.Indiumarsenide

Most ef�ciently THz radiation is generatedfrom
the surfacesof InAs crystal,especiallywhena strong
magnetic�eld is appliedin parallel to thosesurfaces
[47]. This magnetic�eld in�uence had focusedthe
attentionof researcherson the photo-Dembereffect,
although some authors also pointed out a possible
role of other phenomenasuchas bulk optical recti�-
cation [48], magneto-plasmawaves [49], or coupled
plasmon–phononmodes[50] in THz radiation from
InAs surface. Possiblein�uencesof the surfaceelec-
tric �eld wereusuallywritten off dueto a narrow band
gap in InAs andpotentiallysmall bandbendingat the
surfaceof this material. This is not alwaysjusti�able,
becausesurfacepotentialin InAs is �x edat fairly high
( 0.2eV [51]) energiesabovetheconductionbandedge
andin p-dopedcrystalthe surfacedepletionlayer can
besuf�ciently wide andstrong.It hasbeendiscovered
in [52] that p-type InAs is a betterTHz emitter than
n-type InAs, andthis wasexplainedby a contribution
of theEFIOReffect. Lateron, analysisof thesymme-
try of the azimuthalangledependencesof THz radia-
tion,performedin [45] by illuminatingdifferentcrystal
planesof n-InAs, haspointedout to thepredominance
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Fig.15. Dependenceof theTHz radiationef�ciency from InAs sur-
faceilluminatedby femtosecondlaserwith differentphotonenergy

(correspondingto Ref. [53]).

of theEFIOReffect alsoin n-dopedcrystals,although
theorigin of surfaceelectric�eld necessaryfor theoc-
currenceof thiseffect remainedunclear.

Ontheotherhand,dependencesof theTHz radiation
ef�ciency from femtosecondlaser illuminated InAs
surfacesonphotonenergy measuredin [53] areleading
to anoppositeconclusion.Theresultsof suchmeasure-
mentsarepresentedin Fig. 15. THz �eld amplitudein-
creaseswith increasingphotonenergy, reachesits max-
imumathº = 1.6eV, andthendecreases.Suchashape
of thespectraldependencefor THz emissioncouldbe
explainedif one assumesthat the free carrier contri-
bution dueto the photo-Dembereffect is dominating.
Whenphotonenergiesarelarge enough,the electrons
areexcitedhigh in theconductionband,wherethey are
ef�ciently scatteredto subsidiaryL and X valleys of
the conductionbandwith large effective masses.In-
tenseinter-valley scatteringimpedeselectronandhole
spatialseparationandleadsto the reductionof photo-
Dembervoltage.

This seemingcontradictionwasresolved in [54] by
proposingthe mechanismof THz generationin InAs
that takes into accountboth the photo-Demberand
EFIOReffect contributions. It hasbeenproposed[54]
thatsurfaceelectric�eld necessaryfor theappearance
of the effective second-orderoptical nonlinearityand
the EFIOR effect is nucleatedby the excited electron
andholeseparation.Theelectric�eld createdby pho-
tocarriersexcitedat the leadingpart of the laserpulse
is rectifying the rest of the laserpulseand that way
is leadingto the THz generation.The validity of this
modelhasbeencon�rmed by theexperimentsemploy-
ing double-pulseexcitationof thesampleandby Monte
Carlosimulation[54].

4.3.Othersemiconductors

Figure14 comparesTHz pulseamplitudesradiated
at the surfacesof various semiconductorsafter their
illumination by femtosecondpulsesof two different
wavelengthlasersunderthesameconditions.As seen
from the diagrampresentedon this �gure, the clos-
est to InAs are the parametersof THz emittersmade
of InGaAsalloy with a ratherwide energy bandgap,
whereassuchnarrow-gap semiconductorsas InSb or
CdHgTe are poor THz emitters. This evidencesthat
smallbandgapandlargeexcessenergy of photoexcited
electronsarenot themostimportantfactorsdetermin-
ing ef�cient THz pulsegeneration. On the opposite,
electronswith large excessenergieswill be addition-
ally scatteredto the subsidiaryvalleys asin InSb [53]
or their effective masswill signi�cantly increase(Cd-
HgTe [55]), thustheelectronseparationfrom theholes
will be lessef�cient andthe Demberphotovoltagein-
ducedby thisseparationwill berelatively small.

When analysingphysical mechanismsresponsible
for THz emissionfrom different materialsit is inter-
estingto note that in many casesseveral phenomena
aretaking placein a singlesemiconductor. For GaAs
excited with a laserquantasmaller that its bandgap
"g, THz emissionis causedby theoptical recti�cation
effect [56]; whenphotonenergy is comparableto " g,
thecurrentsurgeeffectstartsto dominatein THz pulse
emission[57]. It alsohasto bepointedout thatnonlin-
earopticaleffectsplayanimportantrole in THz gener-
ationfrom themajorityof semiconductorsurfaces.The
azimuthalangle dependencesof THz radiationmea-
suredon (112) surface of InSb have evidencedthat
in this material both second-order(optical recti�ca-
tion) andthird-order(EFIOR effect) contributionsare
of a comparableorder of magnitude[58]. In centro-
symmetricalGe crystals,for which the second-order
nonlinearoptical susceptibilityis zero,THz radiation
is causedby a combinedaction of the EFIOR effect
andthephoto-Dembercurrentsurge[59].

A greatvarietyof physicalphenomenaleadingto the
THz pulsegenerationfrom thesemiconductorsurfaces
providesuniquepossibilitiesfor studyingvariouspa-
rametersof thesematerials.Investigationsof THz ra-
diationfrom femtosecondlaserexcitedsemiconductor
surfaceswere alreadyusedfor determiningthe inter-
valley energyseparationin theconductionbandsof var-
iouscompounds[53], theelectroninter-valley scatter-
ing ratein Ge[60], andtheelectronenergy relaxation
ratein CdHgTe [61].
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5. Conclusion

The intensedevelopmentof THz-TDS systemshas
led to the discovery of a new group of semiconduc-
tor materialsthatarecharacterizedby shorterthan1 ps
carrierrecombinationtimesandrelatively highelectron
mobility thatareof acritical importancefor thedesign
of THz radiationdetectorsactivatedby femtosecond
laserpulses.This uniquecombinationof the material
propertiesrealized,e.g., in LTG GaAsor LTG GaBiAs
epitaxial layershasits origin in the presenceof non-
stoichiometryrelatedAs-antisitedefects. As-antisite
defectshaveexceptionallylargeelectroncapturecross-
section,therefore,they arecausingultrafastcarrierre-
combinationeven at moderatedefectdensitiesthat do
notsigni�cantly affect theelectronmobility. Sensitive,
wide-banddetectorsactivatedby 800 nm laserpulses
are manufacturedfrom LTG GaAs and LTG GaBiAs
layersandcanbeusedfor makingsimilardetectorsac-
tivatedby 1 ¹ m andlongerwavelengthlaserpulses.

Carrier lifetime is not limiting the useof semicon-
ductorsin anotherapplicationimportantfor THz-TDS
systems,thedevelopmentof THz pulseemitters.When
excited by femtosecondlaser pulsesthe majority of
thesematerialsradiateTHz pulsesfrom their surfaces.
Strongeror weakerTHz pulsesareemittedfrom practi-
cally all weaklyor moderatelydopedsemiconductors.
Besidesa universaloccurrenceof this effect, emission
from semiconductorsurfacesprovideswiderandbetter
shapedTHz beamsthanthosegeneratedby photocon-
ductive antennae,which could be preferablefor some
speci�c applicationslike THz imaging.Severaldiffer-
ent physical phenomenacan lead to this effect. The
bestTHz emitteris p-typeInAs; this is dueto a simul-
taneousactionof thephoto-Dembervoltageinducedby
the photoexcited electronandhole separationandthe
electrical-�eld inducedopticalrecti�cation effect.
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Santrauka

Pateikta�ivairi �u puslaidininkini�u med�iag�u, naudojam�u kuriant
ultraspar�cius optoelektronikos prietaisus,�adinamusfemtosekun-
diniais lazeriais, eksperimentini�u tyrim �u ap�valga. Tyrimai at-
likti Puslaidininki�u �zik osinstitutoOptoelektronikoslaboratorijoje

1997–2008metais.Aprašyta�emoje temperat̄urojeaugint�u GaAs
ir GaBiAssluoksni�u technologijair �zikin �essavyb�es.Išsamiaiap-
tartasir išanalizuotasTHz spinduliuot�esgeneravimas iš femtose-
kundiniulazeriusu�adint�u puslaidininki�u paviršiaus.


