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Thepaperpresentareview of experimentalinvestigationsof varioussemiconductomaterialsusedfor the developmeniof
ultrafastoptoelectronidevicesactivatedby femtosecondaserpulsesthat have beenperformedat the Optoelectronicd.abo-
ratory of the SemiconductoPhysicsInstituteduringthe periodfrom 1997to 2008. Technologyandphysicalcharacteristicef
low-temperature-gren GaAsandGaBiAslayersaswell astheeffect of terahertzadiationfrom thefemtosecondaserexcited

semiconductosurfacesaredescribecandanalysed.
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1. Intr oduction

Terahertz(THz) frequeng rangethat is spanning
from severalhundredof GHzto approximatehM. 0 THz
is lately attractinganenhancedhterestdueto its appli-
cationsin spectroscop imaging, and sensingof var
ious, mainly organic and biological, substancesThe
numberof suchapplicationsis steadilyincreasingas
new advancedechniquedor electromagneticadiation
generationand detectionin this frequenyg rangeare
appearing. One of suchtechniquesthat has largely
contrituted to the progressin the eld of THz tech-
nologyis the so-calledTHz time-domain-spectroscgp
(TDS),whichusesshortpulsesof broadband Hz radi-
ationgeneratedisingfemtosecondaserpulsesatech-
niguethat hasevolved from the researctperformedin
198041, 2]. Althoughspectraresolutionof THz-TDS
is rathercoarse worsethanthat of narrov-bandspec-
troscopictechniquessuch as Fourier transformspec-
troscopy, it hasseveralimportantadvantagesBecause
TDS systemsmeasurélHz electric eld ratherthanits
power, thismeasuremeris moresensitve andcontains
time-resoled phaseinformation. Moreover, a good
THz beamquality of thosesystemsallows their im-
plementationn variousimagingapplicationgroviding
rich spectrainformation.

Femtosecondaser pulsesare corverted to short
pulsesof electromagneticadiation, whose spectral
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contentcould be severaltensof THz by usingcompo-
nentsmadeof semiconductin@r nonlinearoptic mate-
rials. Similar componentsarethenusedfor measuring
thetemporalshapeof THz pulses.Themainadwantage
of the semiconductorss that photoconductie compo-
nentsmanufcturedfrom thesematerialsare more ef-
cient THz emittersandmoresensitve THz detectors,
thusthey canbeusedevenwith low power diodeor -
bre lasers. However, semiconductomaterials,which
thesecomponentsare madeof, shouldmeeta set of
guiteuniquerequirementsthey shouldhave veryshort,
subpicosecondarrierlifetimes accompaniedyy mod-
erateelectronmobility, a rather rare combinationof
materials'parametersMostwidely known of suchma-
terialsis so-calledow-temperature-gran GaAs(LTG
GaAs).

Thisarticledescribeshework in investigatingsemi-
conductormaterialsusedfor THz photonicsapplica-
tionsperformedduringthelastdecadetthe Optoelec-
tronicslaboratoryof the SemiconductoPhysicsInsti-
tute in Vilnius, Lithuania. It consistsof three main
parts. Firstly, we will describethe researchon LTG
GaAs and other GaAs crystalswith large deviations
from crystal stoichiometrythat is the main causeof
their unusuabhysicalproperties Lateron, technology
and physical propertiesof novel semiconductoma-
terial, LTG GaBiAs, that could be usedin THz-TDS
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systemsactivated by long-wavelengthlaserswill be
presented.The last part of the article is devotedto a
groupof physical effectsleadingto aninterestingohe-
nomenon,THz pulsegeneratiorat the semiconductor
surfaceslluminatedby femtosecondaserpulses.

2. Nonstoichiometric GaAs

2.1.Growthandstructural characterizationof
Be-doped . TG GaAs

Sincethe discovery of unique semi-insulatingand
ultrafast carrier recombinationpropertiesof low-tem-
peraturemolecularbeam-epitaxy{MBE) grown GaAs
[3], it hasbecomethe mostimportantmaterialfor ap-
plicationsin ultrafastoptoelectronic$4,5]. Shortcar
rier lifetimes andhigh resistvity in this materialhave
beenshowvn to resultfrom excessarsenidn theform of
arsenicantisite Asga andgallium vacany Vg, point
defectd6]. lonizedAsg, defectsthe densityof which
is approximatelythreetimes larger than that of Vg,
[7], sene asthe mainelectrontraps.Becausehe Vg,
densityis muchlower thanthe concentratiorof Asg,
defects,only a few percentof As-antisitesareionized
andcan participatein the electrontrapping,while the
restof antisitesremaininactive. Therefore,attempts
have beenmadeto activateneutralAsg, centresy ad-
ditionally dopingLTG GaAswith compensatingccep-
tor impurities. A naturalchoiceof theacceptoispecies
in GaAsis beryllium,whichis known for beingreadily
incorporatedduringthe MBE growth.

Epitaxial LTG GaAs layerswere grovn on semi-
insulating (100)-oriented GaAs substratesn a solid
sourcamolecularbeam-epitaxyMBE) system As,/Ga
beamequivalentpressureateequalto 10 anda growth
rate of 1.5* m=h wereusedfor all growth runs. The
substratesvere bondedto a molybdenumholder us-
ing high purity indium solder After commoncleaning
of substratesurfacefrom oxides,500 nm thick GaAs
buffer layer was grovn at 600*C substratetempera-
ture, thenthe growth wasinterruptedandthe temper
aturewasloweredto 280*C (asmeasuredby athermo-
couple x edatthe substratdolder).Beryllium doping
was performedin the rangeof its nominal concentra-
tions(Nge) from 5¢0 to 2¢10'° cmi 3. Thethickness
of LTG GaAs:Belayerswasrangingfrom 1to 31 m.
Three differently Be-dopedlayers were isochronally
annealedn a MBE reactorunderarsenicambientfor
20 min attemperaturesangingfrom 500to 800*C.

The structureof the LTG GaAslayerswas studied
by cross-sectionatransmissionelectron microscopy

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

(XTEM) on several as-gravn and annealedsamples
[8]. As-grawn layerswith Nge = 1.5¢10'8 cmi 3 were
of high crystalline quality up to a thicknessof about
31 m. The effect of beryllium dopingon the precipi-
tateformationis illustratedin Fig. 1, wherean XTEM
image of a grown layeredepitaxial structureis pre-
sented. This structure,annealedat 600*C, consisted
of a0.5* m thick GaAsbuffer layercoveredby anun-
dopedl1.2* m thick LTG GaAslayer, andthenby a
1.7 1 m thick Be-doped(Nge = 3.510'8 cmi %) LTG
GaAslayer Both LTG GaAs layersare mostly dis-
cerniblebecauseof a high density of As precipitates
(almostinvisible on this picturefor the top layer) that
are formed during the annealing. Beryllium doping
leadsto a decreasef the averageAs precipitatediam-
eter which is in agreementvith the previous results
[9]. High crystallinequality of the Be-dopedmaterial
is alsoclearlyseenin Fig. 1.

The structureof Be-dopedLTG GaAs layerswas
also studied by the X-ray quasi-forbiddenre ection
(XQFR) method[10] and by high-resolutionX-ray
diffraction technique(XRD) [11]. The rst of these
methodsmploys, 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 sensitve to the chemicalcompositionof the crys-
tal. It hasbeenshavn in [10] thatin as-gravn LTG
GaAs:Betheberylliumdopantsubstitutegor Gaatoms
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Fig. 2. Relative lattice parametemrmismatchbetweenthe LTG
GaAs:Belayerandthesubstratasafunctionof theannealingem-
peraturgcorrespondingo Ref.[15]).
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Fig. 3. Resistvity of the LTG GaAslayerasa function of thean-
nealingtemperaturégcorrespondingo Ref.[15]).

and introducessomelocal lattice distortions. These
conclusionsverecon rmed by theresultsof XRD ex-
perimentg11]. Figure2 presentsherelative latticepa-
rametemismatchbetweertheLTG GaAs:Bdayerand
substrateas a function of annealingtemperature.in-
creasingheannealingemperaturéo 600*C resultsin
a completerelaxationof crystallinelattice of the layer
and all lattice parameterdifferencesvanish. At that
temperaturéhefull width athalf maximumof therock-
ing curve is thesmallestfor all threeBe concentrations
usedin the experiments. At larger annealingtemper
atures the lattice mismatchappearsagain, mostprob-
ably, dueto the increaseof Be impurity mobility and
their activation asacceptord12]. BecauseBe atoms
in LTG GaAslayersaresubstitutionalthey preventva-
cang assistedliffusionof As into precipitatesandsta-
bilize Asg, defects.

Measurementsf electricaltransportcharacteristics
have shavn thatresistivity of the samplegyenerallyin-
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Fig. 4. Photogeneratedarriers' dynamicsmeasuredy threedif-
ferent techniqueson LTG GaAs layer grown at 250*C and an-
nealedat 650*C. PL is temporally-resoled photoluminescence
up-corversion,DR is dynamicoptical re ectivity, andDT is two-
colourdynamictransmitizity (correspondingo Refs.[8, 13]).

creasesgfterannealingandreachesnaximumatthean-
nealingtemperaturesf about650*C (seeFig. 3 [8]).
Annealingreducesthe numberof Asg,, leadingto a
decreaseof the hopping conductvy that is dominat-
ing electricaltransporin as-gravn LTG GaAssamples.
For annealingemperatureabose 700*C, adecreas@
resistvity is obsenred. It is probablydueto a moreef-
cient activation of Be acceptorswhich leadsalsoto
theappearancef p-type conduction.

Summarizingthe resultspresentedn this section,
dopingof LTG GaAswith beryllium enhanceghe ma-
terials' homogeneityby preventing the nucleationof
the As-precipitates. Layerswith the highestresisti-
ity thataremostappropriatdor manubcturingTHz ra-
diation componentsan be obtainedwhen Be doping
is rathermoderate(Nge » (3—4)L0Y cmi 3) and over
a very limited rangeof the annealingtemperaturesf
about650*C.

2.2.Carrier dynamicsgn LTG GaAs

Dynamical propertiesof photoecited nonequilib-
rium electronswere studied by sereral techniques,
which include time-resohed photoluminescenceip-
corversion (PL), dynamic optical re ectivity (DR),
dynamic photoconductiity (PC), and two-colour dy-
namictransmitvity (DT). In the rst threeexperiments
100 fs duration pulsesfrom a Ti:sapphirelaserwith
a centralwavelengthof » 800 nm were used. In the
caseof DT, 800 nm pulseswereusedfor carrierexci-
tation, whereasl450nm wavelengthpulseswereused
for probingthe dynamicsof electrontrap population.

Figure4 illustratestransientsneasuredby threedif-
ferenttechnique®n LTG GaAslayergrown at 250*C
and annealedat 650*C [8,13]. The characteristic
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Fig. 5. PL transientin arsenidon implantedGaAsannealect 500
OC. A cross-correlatiometweerthe pumpandprobelaserpulses
is shawvn by afull curve (correspondingo Ref.[14]).

decaytime of the PL and TR transientsaaswell asthe
risetime of DT transientareof the orderof 500fs and
are interpretedas the electroncapturetime. On the
otherhand,the decayof DT signalis characterizedby
atime constanof theorderof severalpicosecondghat
is de ned by thetrapemptyingrate.

In as-gravn LTG GaAs layers, the electronsare
trappedon a time scale shorterthan 100 fs, there-
fore thisdynamicss impossibleto investigateby using
standarcoump-and-probé&echniquesin [14] we stud-
ied electrontrappingin as-gravn LTG GaAsindirectly,
by investicating PL spectraldependences.Because
photo-ecitedelectrondn this materialarecapturedoy
thetrappingcentredasterthanthey reachthermaldis-
tribution, the photoluminescencspectrumis peaking
not at the vicinity of the band-edgesnegy (» 1.4 eV
for GaAs)but aroundthe photoecitationenegy. Fig-
ure5 shavsatypical PL transientataphotonenegy of
1.52eV asmeasuredby up-corversiontechniquen as-
grown LTG GaAs. As canbe seenPL curwe is nearly
the sameas the cross-correlatiorbetweenthe pump
pulseandthe light scatteredrom the samplesurface.
This meanghatthe electronsarepresenin thesample
only duringthe light pulseandtheir lifetime is shorter
that the laserpulsedurationof 100fs. The PL spec-
trummeasureatthe peaksof thetransientss shovnin
Fig. 6; it monotonouslydecreasesn the both sidesof
a maximumsituatednearthe enegy atwhichtheelec-
tronsareexcitedby thelaserpulse.Comparisorof this
spectrumwith the one measuredinderthe samecon-
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Fig. 6. PL spectrain (a) annealedand (b) as-gravn LTG GaAs.

Pointsarethe experimentaldatameasureat the peaksof PL tran-

sients,full curve inicatesthe resultsof a Monte Carlo molecular

dynamicssimulationfor carrier trapping times of (a) 30 fs and
(b) 70fs (correspondingo Ref.[14]).

ditionson anannealed TG GaAsallows aroughesti-
mationof carrierlifetimesby interpolatingthe missing
partsof the spectrumand assumingthe sameproba-
bility of radiatve transitionsin both as-gravn andan-
nealedsamples,we obtain a value of 60 fs for car

rier lifetime in as-gravn LTG GaAs. A slightly larger
valueof thislifetime (70fs) wasobtainedoy comparing
the measuredPL spectrumwith the resultsof the nu-

merical simulationusing Monte Carlo/ moleculardy-

namictechnique[14]. Comparingcarrier lifetimesin

as-gravn andannealed.TG GaAshasbeenvery im-

portantfor resolvingthe debateon which one of the
competingmodels— As-precipitatemodel[15] or deep
As antisitetrap model[16] — is adequatelydescribing
electronrecombinationin this material,in favour of the
secondne.

Electrontrappingtimesin Be dopedLTG GaAswas
determinedin [17]. It hasbeenfound that, contrary
to the expectationsthesetimes are growing with the
increaseof the Be-acceptodensity An abruptreduc-
tion of the electrontrappingtime is obsered only in
annealed TG GaAsat ratherhigh dopinglevels. This
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Fig. 7. Enegy bandstructureof LTG GaAs (correspondingo
Ref.[19]).

behaiour canbe explainedif we assumehat at least
someof the Be atomsoccuyy the sitesof gallium va-

canciesn thelattice.In non-doped. TG GaAsV g, are
themainacceptorghatcompensateeepAsg, donors
and determinethe densityof ionized Asg,™ electron
traps.Becausé/ g, is atriple acceptof18], its replace-
mentby Be, which is a single-ionizedacceptaorwould

leadto the reductionof Asg,* aslong asNge is less
thanthedensityof Vg,.

Theinformationon hole trappingprocesses LTG
GaAsis scarcealthoughit is asessentiahstheelectron
trapping parameterdor the designof devices work-
ing at high repetition frequencies. Direct monitor
ing of the photoecited hole densitydynamicsin the
valencebandof LTG GaAs was performedby using
two-colourpump-and-probéechnique19]. Nonequi-
librium carriers were excited by femtosecondnear
infrared (800 nm) pulsesandprobedwith 9 1 m wave-
lengthmid-infraredpulses.The latter wavelengthcor-
respondsgo thetransitionsbetweernthe heary andlight
holevalencebandg(Fig. 7), thesetransitionsbeingap-
proximatelyby one order of magnitudemore intense
thanthe free-electrorabsorption.It hasbeenfoundin
[19] thattheholetrappingtime in as-gravn LTG GaAs
is of the orderof 1 ps and morethat 10 timeslonger
in the annealedmaterial. The correlationof the val-
uesof this parametewith the changeof Asg, defect
stateinducedby additionaldopingof thelayershasled

to the conclusiorthatphotoecitedholesin LTG GaAs
aremainly trappedby neutralAs antisites.

Since the main defects determining photoecited
carriertrappingin LTG GaAsareionized and neutral
As antisites the mostimportantparameterslescribing
this processarethe densityof thoseantisitesandtheir
capturecross-sectionfor electronsand holes. These
parameterswhich are determiningelectronand hole
trappingtimesvia relation

.i = Yip Nnp nip ; 1)

nip
were evaluatedin [8]. In formula (1) ¢y and¢, are
the electronand hole trappingtimes, %, and %, are
theircapturecross-sections\, andN, aretheirdensi-
ties,and®, and®, aretheirthermalvelocities,respec-
tively. Electronandhole trappingcross-sectionbave
beenfoundto beof theorderof %, = 101 13 and¥% =
10 15 cn?, respectiely.

2.3.lon-implantedGaAs

An alternatie to low-temperaturd1BE growth way
of producinghighly non-stoichiometri€aAsis theim-
plantationof this crystalby large dosesof high enegy
Asions[20,21]. lon implantationhasthe advantageof
incorporatingcontrolledamountf excessarsenicand
alsothe e xibility of creatingthe non-stoichiometryn
localizedregionsof awafer As-implantedandsubse-
guentlyannealedsaAshasbeenfoundto have electri-
cal andrecombinatiorcharacteristicgloseto thoseof
LTG GaAs[21]. Forexample electrontrappingtimein
GaAsimplantedby 2 MeV enegy As ions wasequal
to 30 fs beforeannealing14] and1 psafterannealing
at600*C temperaturg21], respectiely.

Surprisingly similar resultswereobtainedalsoafter
implantingGaAsby otherheary ions: Ga[22], Si, and
O [23]. Trappingtime dependencesn the implanta-
tion dosefor four implantedspeciesafter 600*C an-
nealingareshawn in Fig. 8. A monotonicdecreasef
thetrappingtimeswith increasingmplantationdoseis
obseredin all casesThevaluesof thecarriertrapping
timesin GaAsimplantedat a certaindoseof different
ionsaresurprisinglycloseto eachother althoughsome
correlationwith the atomicmassof theimplantedele-
mentis obsenable: shortertrappingtimesare present
in materialsrradiatedby heavier ions. Laterinvestiga-
tions[24, 25] have shavn thatthe mechanisnof ultra-
fastcarrierrecombinatiorin ion-implantedGaAsis es-
sentiallythesameasin LTG GaAs,i. e. theircapturgo
thenon-stoichiometryelatedpointdefects A compar
ison of thesetwo non-stoichiometricdGaAs materials
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from thepointof view of theirapplicationin THz opto-
electronicdeviceshasbeenmadein [26]. It isshavnin
Fig. 9, whereelectronandholetrappingtimesin GaAs
obtainedby differenttechnologyarepresented.
Laseractivated THz emittersand detectorsare, es-
sentially photoconductie componentsntegratedwith
wide-bandantennaetherefore Si-implantedGaAscan
beexcludedfrom the consideratiorbecaus®f its large
electricalconductvity andratherongelectrorntrapping
times. On the otherhand, As, Ga, and O-implanted
GaAsarehighly resistive after thermalannealingand

can be usedas substratedor THz photoconductors.

Electrontrappingtimesin thesecrystalsarequiteshort;
however, they approachl ps only when the implan-
tation doseis very large (, 10 cmi 2). For such
large dosesglectronmobility in the materialbecomes
small, thus a wide bandwidthof the device is achies-
ableonly at the costof its lower ef ciency andsensi-
tivity. Fromthis pointof view theuseof LTG GaAsis

more preferable becausehe electronmobility in this

materialremainsat a satistctorylevel evenwhentheir
trappingtimes are much shorterthan1 ps. However,

ion-implantedGaAscrystalsare,in generalcharacter
ized by considerablyshorterhole trappingtimesthan
LTG GaAs. Shorthole trappingtimesare essentiafor

suchdevicesascw THz emittersand detectorsbased
ontheopticalmixing effects[27].

3. GaBiAs layersfor THz optoelectronic
applications

3.1.GaBiAstechnolagy and material properties

The majority of the optoelectronicTHz systemsare
presentlyusing femtosecondTi:sapphirelasersemit-
ting at the wavelengthsaround 800 nm and photo-
conductve componentsmade of LTG GaAs epitax-
ial layers. Becausethe Ti:sapphirelaserrequiresa
rather complicated, mary-stage optical pumping ar-
rangementthesesystemsare quite bulky and com-
plicated. One solutionto this problemwould be us-
ing lasersemitting in the spectralrangescloseto 1
or 1.5t m, which can be directly pumpedby laser
diodebars. However, the absorptionedgeof GaAsis
at the wavelengthsof » 0.9 * m, thus this materialis
not suitablefor devices activatedby compact,diode-
pumpedsolid-stateor bre lasersemitting at longer
wavelengths Thesewavelengthouldbeemplo/edin
InGaAs,however, attemptgo grow LTG InGaAshave
led to only limited successbecausehe shortestcar
rier lifetimes achieved areonly » 2 ps[28], and,most
importantly the materialhaslow resistvity, which is
a seriousobstaclefor its applicationsin photoconduc-
tors. InGaAslayerswith subpicosecondfetimes and
reasonablyhigh resistancewvere obtainedonly by the
implantationwith MeV enegy ions[29, 30], which is
auniqueandcostlyprocedure.

Our choicefor materialfor THz optoelectronide-
vices actvated by long-wavelengthlaser pulseswas
GaBiAsalloy. Previously, therehave beenseveral at-
temptsto grow GaBiAs on GaAs substratedy MBE
technique. The main purposeof theseefforts wasto
producea materialwith wealer, comparedo otherlll—
V compoundstemperaturelependencef bandgpen-
emgy for the applicationsin diode laseractive layers
[31,32]. It hasbeenfound [33] that the band@p of
GaBiAsdecreasewith theincreasef Bi contentmuch
fasterthan for adding In in InGaAs, consequently
the lattice mismatchbetweenGaBiAs alloy andGaAs
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substratas up to four times smallercomparedo In-
GaAswith thecorrespondindpand@p.

BecauseBi is alarge atomascomparedo both Ga
andAs, it hasatendenyg of asurfacesegregationandis
dif cult to incorporatento the crystallinelatticeunder
standardVIBE growth conditions. Therefore,in order
to obtainasigni cant Bi incorporatiorit is necessaryo
performthegrowth atsurfacetemperaturesuchlower
than» 600*C thataretypical of MBE growth of GaAs
[33]. Reducedyrowth temperatureould,asin thecase
of LTG GaAs,leadto thepresencef structuraldefects
acting as fasttrapsfor non-equilibriumcurrentcarri-
ers,whichwouldimpairthe performancef light emit-
tersmadeof GaBiAslayersbut could be advantageous
for ultrafastphotoconductie devicesmanufcturedon
their basis[34].

GaBiAslayersweregrown onsemi-insulatingsaAs
substrateswith 3* off crystallographic(100) planes
in a solid-stateMBE system. After a standardsub-
strate cleaningfrom oxides, a GaAs buffer layer of
500 nm thicknesswas grown at 600*C with As/Ga
beamequialent pressureratio (BEPR) of about 20.
Thenthegrowth wasinterruptedandthe substrateem-
peraturavaslowereddowvn to temperatures therange
from 240 to 330*C (lower than the growth tempera-
turesfrom 350to 410*C usedin [32]) with simultane-
ousdecreasin@f BEPRto about7 in orderto grow a
400nmthick LTG GaAsand,immediatelyafterwards,
a GaBiAslayer Finally, an8-151 m thick protectie
GaAscaplayerwasgrown ontop of thestructureatthe
sametemperatur@aswasusedfor GaBiAsgrowth.

Bismuthcontentin epitaxiallayerswasmeasuredby
two techniquesXRD usinga CuK®; line andRuther
ford backscatteringpectroscop[35]; bothtechniques
have led to very closeresultsfor all GaBiAslayersin-

vestigated. Enegy band@gp of the GaBikAsy;  alloys
was also investigated by several independenexperi-
ments: spectralmeasurementsf optical absorption,
photoconductiity, andphotoluminescencd.heresults
of different experimentsare summarizedn Fig. 10,
wheretheband@pof GaBixAsy; x is shavn asafunc-
tion of Bi conteniin thelayer. As canbeseerin this g-
ure, the rate of the band@p reductionwith increasing
Bi contentis approximatelyequalto j 62 meV=%Bi,
which coincideswith the dataobtainedpreviously [36]
andis muchlargerthana correspondingarametefor
InxGay; xAs alloy (i 12meV=%In) [37].

Electricalparametersf thelayerswereinvesticated
by the Hall-effect andresistvity measurementsCon-
ductvity of all layerswasof p-type, with a hole con-
centration of the order of 10* to 10 cmi  and
the resistvity in someof the caseswas larger than
2000- cm. Theelectronmobility in GaBiyAsy; x lay-
erswasdeterminedrom theopticalpump—THz probe
experimentg38,39]. It hasbeenfoundto be aslarge
as2000cm?=(V s)[38] and2800cn?=(V s)[39], much
largerthanelectronmobility in LTG GaAs.

It hasbeenshawn in [40] that large band@p shift
of GaBikAsy; x can be explainedby a valenceband
anti-crossingnodelasthe resultof the interactionbe-
tweenthe extendedstatesin GaAs valencebandand
resonantl2 statesof the Bi atoms. Comparingwith
GaNAs alloy, wheresimilar band@pshift is causedy
aconductiorbandanti-crossing41], low-temperature-
grown GaBiAs is more suitablefor photoconductie
applications. Nitrogen createsresonantdonor levels
in GaNAs causingthe reductionof the dark resistv-
ity of thelayers,whereascceptotevelsintroducedoy
Bi in GaBiAs canenhancdhe compensatiomf Asga
donorscreatedduring the growth of this alloy at low
temperatureandincreaseboththe darkresistvity and
the electrontrappingrate. Moreover, the lowestcon-
ductionsubbandn GaNAs is characterizedby a very
low electronmobility [42], in contrastwith GaBiAs,
wherethe conductionbandstatesdo not mix with the
impurity statesandthe effect of the latter on the elec-
tron mobility is minimal.

3.2.0ptoelectonic THzradiationcomponentérom
GaBiAs

Photoacitedcarrierrelaxationin GaBiAslayershas
beenstudiedby the optical pump— THz probetech-
nique. Yb:KGW laserpulses(wavelengthof 1030nm,
pulse durationof 70 fs, and pulse repetition rate of
76 MHz); THz radiationpulseswere emittedand de-
tectedusinga photoconductie antennaenadeof LTG
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Fig. 11. Optically inducedTHz absorptiortransientaneasurean
aGaBiy:0s ASo:92 Samplegrown at 260* C for threedifferentexci-
tationlevels(correspondingo Ref.[62]).

GaBiAs. A 1.8mmdiametepinholewasusedto over
lap THz and visible beamson the sample. The spot
size of the optical pumpbeamwaslarger thanthe di-
ameterof thepinholesothatthe THz probepulseshave
beensamplingnearly uniformly photoecited sample
region. The temporalresolutionof this measurement
was» 800 fs; carrierlifetimes were studiedwhenthe
averagepower of the optical pumpbeamwaschanged
from 50 to 600 mW, which is correspondingo pho-
toexcited electronandhole densitiesn the rangefrom
10'° to 24¢10'® cmi 3. Thesemeasurementaere per
formedatroomtemperature.

Figure 11 presentsthe results of this pump-and-
probeexperimentperformedon a GaBiy.0gASp.92 Sam-
ple grown at 260*C for threedifferentphotoexcitation
levels. Two mainfeaturesare evidenton theseexperi-
mentaltraces Firstly, thedynamicsof the optically in-
ducedTHz absorptiorthatis representety the curves
shawvn on Fig. 11 clearly consistof two parts:afaster
decayinginitial partthatis, mostprobably causedoy
trappingof more mobile electronsanda much slower
decayingtail which canbe attributedto hole trapping.
Secondly the characteristidime of the fastdecaying
partof thedynamicsis increasingwith theintensityof
thepumpbeam afeaturethatis usuallyassociategvith
trap lling andsaturatioreffects.

Thelatter effect canbe usedfor estimatingelectron
trap characteristicof the materialby comparingex-
perimentalvaluesof the apparentlectrondensityde-
caytimesat variousexcitationintensitieswith a corre-
spondingtheoreticaldependencelf oneassumeshat
the holesare trappedmuch slower thanthe electrons,
the latterdependenceanbe found by solvingtherate
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Fig. 12. Excitation level dependencesf the apparentelectron
lifetimes for threeGaBi, As1; x samples. Pointsare experiment,
curvesaremodelling(correspondingo Ref.[62]).

equationdor free andtrappedelectronsn andny, re-
spectvely:

dn
gt = G i %n(Nei no)%m ; (2)
dn
dat =%N(N¢j ng)h: 3)

HereG(t) isthephotocarriegeneratiomateby aGaus-
sianshapedemtosecondaserpulse,¥; is theelectron
trappingcross-sectiony; isthetrapdensity and®y, is
thethermalvelocity of theelectrons.

Figure 12 presentsthe experimentalvaluesof the
electrondecaytime as a function of averagepump
beamintensityfor threedifferentLTG GaBiAs layers
with their best t to theresultsof the modelling. This
tting hasyieldedthe following valuesof the electron
trap parametersn LTG GaBiAs: % = 440 12 cn?,
N¢ = 2.800' cmi 3 (for the layer A) and Ny =
4.2010* cmi 2 (for the layersB and C). Comparing
thesevalueswith thecorresponding\sg, trapparame-
tersin LTG GaAswith similar electrontrappingtimes,
one can seethat the electroncapturecross-sectiorin
LTG GaBiAsis approximately4 timeslarger[8]. This
canbe understoodvhenone rememberghat GaBiAs
is p-type material,thereforeAsg, donorsin this ma-
terial can be double-ionizedthus their attractve po-
tential canbe strongerandcapturecross-sectiotarger
thanfor single-ionizeddonors. BecauseAsg, donors
arefully ionized,shortelectronifetimesin GaBiAsare
achievzed at muchlower overall Asg, densitieshanin
LTG GaAswhereonly asmallpartof thesedefectsare
ionizedandactaselectroncapturecentres.This makes
LTG GaBiAsprospectie materialfor pulsedoptoelec-
tronic THz radiationemittersanddetectors.
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Fig. 13. (a) Shapeof the THz pulseand (b) its Fourier spectrum.
The emitter and detectorare madeof GaBiAs (correspondingo
Ref.[43]).

Photoconductie THz detectoramanuficturedfrom
LTG GaBiAs layerswere, for the rst time, demon-
stratedin [43]. By using 70 fs durationpulsesfrom
a Yb:KGW laserand a p-InAs crystal as a surface
emitter the spectralwidth of more than 2 THz and

the signal-to-noisgoower ratio of 60 dB werereached.

Evenbetterparameterfiave beenachiedwhenlL TG
GaBiAsphotoconductorarereusedbothfor THz pulse
generatiomandits detection[44]. In this case,in or-
derto achieve larger dark resistance®f the emitters,
mesa-etchingf the bismide-arsenidéayer was used
leaving only the active partof the GaBiAslayerin the
photoecitedgapregion. Figure13 shavs the shapeof
the obtainedTHz pulseandits Fourier spectrum. As
seenfrom this gure, the frequeng spectrumof the
THz transienextendsasfarasto » 4.5THz; atthehigh
frequeng sideit is, mostprobably limited by the ab-
sorptionin the GaAssubstrate.

4. Semiconductorsurface emitters
4.1. Medanismof the surfaceemission

The majority of semiconductocrystalswhenillu-
minatedwith femtosecondaserpulsesradiateTHz ra-
diation pulses. Generallyspeaking,THz radiationat
the photoecited semiconductosurfacecanbe emitted
by a dipole thatis inducedeitherdueto a fastchang-
ing photocurrenor by thenonlinearpolarizationof the
material. In the far eld region,the THz eld canbe
expresseds

2 1

S @P

ETszi@ @, cr dz, (4)

0

wherec is the speedof light in vacuum,R is the dis-

tancefrom the point of obsenationto the emitting re-

gion, S is the areaof the laser excited spot on the

semiconductosurface;j andP arethe photocurrent
andnonlinearpolarizationcomponentsn thedirection

of the THz wave polarization,respectiely. Integra-

tion in the relation (4) is carried out over the depth
z. It is importantto point out that the expression(4)

is correctwhenthe diameterof the illuminatedspotis

smallerthanthe wavelengthof the emitted THz radi-

ation, otherwisethe dipole approactis not correctand

THz eld amplitudeshouldbedeterminedy summing
upthepartialwavesemittedby theseparatsurfaceele-

mentsandby takinginto accountheir phaserelations.
In following we will discussdifferent physical mech-
anismsleadingto the appearancef the transientpho-

tocurrentor low-frequeng nonlinearpolarizationcom-

ponententeringrelation(4).

Electronsand holesthat are optically generatedn
a semiconductodueto the absorptiorof femtosecond
laserradiationarespatiallyseparatedby the built-in or
externalelectric eld, whichresultsin atransientpho-
tocurrentvarying on a subpicosecontime scale. This
fastvarying photocurrentanbe an effective sourceof
THz radiationwith the amplitudede ned by the time
derivative of thephotocurrentThis mechanisnof THz
generations known asa photocurrensuige effectand
it is realizedin THz emittersmadeof the semiconduc-
torswith a strongbandbendingattheir surface.

In the so-calledphoto-Dembekeffect a spatialsepa-
ration of electronsandholesoccursdueto their differ-
ent mobilities. Photoecited electronsdiffusing from
their excitation point at the surface towardsthe bulk
of the materialsurpasghe lessmobile holesand,asa
result, the spacechage and the electric eld appear
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This electric eld startsto slow down the photoelec-
tronsandto acceleratehe holes,therefore eventually
both typesof photocarriersstartto move as a single
qguasineutrgbaclet. Thephoto-Dembeeffecthasbeen
usually studiedfor the caseof a stationaryphotoeci-
tation whenthe drift-diffusion approachis correct. In
this case the Demberphotovoltageis typically low, of
the orderof 10' 2 V. However, in the majority -V
andlV-VI narrav-gap materialghecharacteristicime
of theelectron—LOphononscatterings around200fs;
thesescatteringprocesse$ead only to small changes
in electronmomentum therefore,during the rst few
hundredof femtosecondafterthe photoecitationex-
citation, the electronmotion is purely ballistic rather
thandiffusive. As theresult,the Demberphotovoltages
in thesematerialscanbequitelarge,of theorderof 1V
andmore.

The lowest order nonlinear optical responseof a
non-centrosymmetricrystal is causedby the second
ordersusceptibilityA, thatleadsto the sumanddiffer-
encefrequeny generationln thecasevhentheoptical
beamcontainsnearly the samefrequenciegwhich is
typical of femtosecondaserspectrajpndinteractanon-
linearly with the crystal,the differencefrequeny is in
thedcrangeandtheinducedpolarizationis referredas
opticalrecti cation (OR) with theinducedchage dis-
placemenfollowing the optical pulseernvelope.When
a built-in dc eld Egs is presentat the semiconductor
surface transienfTHz polarizationcanalsobeinduced
dueto the third-ordernonlinearsusceptibilityAs; the
THz pulsemagnitudegeneratediueto this electrical-
eld-induced optical recti cation (EFIOR) effect will
be proportionalto the effective secondordersuscepti-
b|||ty A2A2® = A3E5.

As a ngerprint of nonlinearoptical THz pulsegen-
eration mechanismsthe dependencef the emitted
THz pulseamplitudeon the orientationof the optical
eld with regardto the crystallographi@xesis usually
consideredIt hasto be pointedoutthattheseso-called
azimuthalangledependencesf the THz emissionef-
ciency from zinc-blendesemiconductordike GaAs
measuredat differentcrystallographiglanescanalso
helpin distinguishingoetweerOR andEFIORmecha-
nisms[45, 46].

When consideringTHz emissionfrom the surfaces
of particular semiconductomaterials, simultaneous
action of several physical mechanismsboth of the
photocurrentsuige type and nonlinearoptical effects,
should be taken into account. Figure 14 presentsa
comparisorof THz pulseamplitudesmittedunderthe
sameexperimentakonditionsfrom thesurfacesof sev-

Fig. 14. Comparisonof THz emissionefciency from various
semiconductorssurfacesexcited by a femtosecondaserat 1030
and800nm wavelengthgcorrespondingo Ref.[63]).

eral semiconductomaterialsat two femtosecondaser
wavelengths800nm, correspondingdo the Ti:sapphire
laserand1.03* m (Yb:KGW laser). In the following
we will discusghe mainfeaturesof this effectin some
materialsn detail.

4.2.Indiumarsenide

Most efciently THz radiation is generatedfrom
the surfacesof InAs crystal, especiallywhena strong
magnetic eld is appliedin parallelto thosesurfaces
[47]. This magnetic eld in uence had focusedthe
attentionof researchersn the photo-Dembereffect,
although some authorsalso pointed out a possible
role of other phenomenauchas bulk optical recti -
cation [48], magneto-plasmavaves [49], or coupled
plasmon—phonomodes[50] in THz radiation from
InAs surface. Possiblein uences of the surfaceelec-
tric eld wereusuallywritten off dueto a narrov band
gapin InAs andpotentiallysmall bandbendingat the
surfaceof this material. This is not alwaysjusti able,
becauseurfacepotentialin InAs is x edatfairly high
(0.2eV [51]) enegiesabore theconductiorbandedge
andin p-dopedcrystalthe surfacedepletionlayer can
be sufciently wide andstrong.It hasbeendiscovered
in [52] that p-type InAs is a better THz emitter than
n-type InAs, andthis wasexplainedby a contribution
of the EFIOR effect. Lateron, analysisof the symme-
try of the azimuthalangledependencesf THz radia-
tion, performedn [45] by illuminating differentcrystal
planesof n-InAs, haspointedout to the predominance
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Fig. 15. Dependencef the THz radiationef ciency from InAs sur
faceilluminatedby femtosecondaserwith differentphotonenegy
(correspondingo Ref.[53]).

of the EFIOR effect alsoin n-dopedcrystals,although
theorigin of surfaceelectric eld necessaryor theoc-
currenceof this effectremainedunclear

Ontheotherhand,dependencesf the THz radiation
efciency from femtosecondaser illuminated InAs
surfaceson photonenegy measuredh [53] areleading
to anoppositeconclusion.Theresultsof suchmeasure
mentsarepresentedn Fig. 15. THz eld amplitudein-
creaseswvith increasingohotonenengy, reachests max-
imumath® = 1.6eV, andthendecreasesSuchashape
of the spectraldependencéor THz emissioncould be
explainedif one assumeghat the free carrier contri-
bution dueto the photo-Dembeeffect is dominating.
Whenphotonenegiesarelarge enough the electrons
areexcitedhighin theconductiorband,wherethey are
efciently scatteredo subsidiaryL and X valleys of
the conductionbandwith large effective masses.In-
tenseintervalley scatteringmpedeselectronandhole
spatialseparatiorandleadsto the reductionof photo-
Dembervoltage.

This seemingcontradictionwasresohedin [54] by
proposingthe mechanisnmof THz generationin InAs
that takes into accountboth the photo-Demberand
EFIOR effect contrikutions. It hasbeenproposed54]
thatsurfaceelectric eld necessaryor the appearance
of the effective second-ordepptical nonlinearityand
the EFIOR effect is nucleatedby the excited electron
andhole separationTheelectric eld createdoy pho-
tocarriersexcited at the leadingpart of the laserpulse
is rectifying the rest of the laserpulse and that way
is leadingto the THz generation.The validity of this
modelhasbeencon rmed by the experimenteemploy-
ing double-pulsexcitationof thesampleandby Monte
Carlosimulation[54].

369
4.3.0thersemiconducte

Figure14 comparesTHz pulseamplitudesradiated
at the surfacesof various semiconductorsfter their
illumination by femtosecondpulsesof two different
wavelengthlasersunderthe sameconditions. As seen
from the diagrampresentedon this gure, the clos-
estto InAs arethe parameter®f THz emittersmade
of InGaAsalloy with a ratherwide enegy bandgap,
whereassuch narrav-gap semiconductorss InSb or
CdHgTe are poor THz emitters. This evidencesthat
smallbandgapandlargeexcessnegy of photoecited
electronsare not the mostimportantfactorsdetermin-
ing efcient THz pulsegeneration. On the opposite,
electronswith large excessenegieswill be addition-
ally scatteredo the subsidiaryvalleys asin InSb[53]
or their effective masswill signi cantly increasgCd-
HgTe[55]), thusthe electronseparatiorirom the holes
will belessefcient andthe Demberphotovoltagein-
ducedby this separatiorwill berelatively small.

When analysingphysical mechanismgesponsible
for THz emissionfrom different materialsit is inter
estingto note thatin mary casesseveral phenomena
aretaking placein a singlesemiconductor For GaAs
excited with a laserguantasmallerthat its band gap
"¢, THz emissionis causedy the optical recti cation
effect [56], whenphotonenegy is comparableo ",
thecurrentsuge effect startsto dominatein THz pulse
emission57]. It alsohasto be pointedoutthatnonlin-
earopticaleffectsplay animportantrole in THz gener
ationfrom themajority of semiconductosurfaces.The
azimuthalangle dependencesf THz radiation mea-
suredon (112) surface of InSb have evidencedthat
in this material both second-ordel(optical recti ca-
tion) andthird-order(EFIOR effect) contritutionsare
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
andthe photo-Dembecurrentsurge[59].

A greatvarietyof physicalphenomenéeadingto the
THz pulsegeneratiorfrom the semiconductosurfaces
provides unique possibilitiesfor studyingvariouspa-
rametersof thesematerials. Investicationsof THz ra-
diation from femtosecondaserexcited semiconductor
surfaceswere alreadyusedfor determiningthe inter-
valley enegy separatiornn theconductiorband=of var-
ious compoundg53], the electroninter-valley scatter
ing ratein Ge[60], andthe electronenepy 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 materialshatarecharacterizetby shorterthanl ps
carrierrecombinatioriimesandrelatively highelectron
mobility thatareof acritical importancefor thedesign
of THz radiation detectorsactivated by femtosecond
laserpulses. This uniguecombinationof the material
propertiegealizedge.g.,in LTG GaAsor LTG GaBiAs
epitaxial layershasits origin in the presenceof non-
stoichiometryrelated As-antisitedefects. As-antisite
defectshave exceptionallylargeelectroncapturecross-
section,therefore they arecausingultrafastcarrierre-
combinationeven at moderatedefectdensitiesthat do
notsigni cantly affecttheelectronmobility. Sensitve,
wide-banddetectorsactivatedby 800 nm laserpulses
are manufcturedfrom LTG GaAsandLTG GaBiAs
layersandcanbe usedfor makingsimilar detectorsac-
tivatedby 1 * m andlongerwavelengthlaserpulses.

Carrierlifetime is not limiting the useof semicon-
ductorsin anotherapplicationimportantfor THz-TDS
systemsthedevelopmenbf THz pulseemitters.When
excited by femtosecondaser pulsesthe majority of
thesematerialsradiateTHz pulsesfrom their surfaces.
Strongeror wealer THz pulsesareemittedfrom practi-

cally all weakly or moderatelydopedsemiconductors.

Besidesa universaloccurrencef this effect, emission
from semiconductosurfacesrovideswiderandbetter
shapedlHz beamghanthosegeneratedy photocon-
ductive antennaewhich could be preferablefor some
speci ¢ applicationdike THz imaging. Several differ-

ent physical phenomenaan lead to this effect. The
bestTHz emitteris p-type InAs; thisis dueto a simul-

taneousctionof thephoto-Dembevoltageinducedby

the photoecited electronand hole separatiorandthe
electrical- eld inducedopticalrecti cation effect.
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PUSLAIDININKIN ESMED IA GOSULTRASPARCIAJAI OPTOELEKTR ONIKAI

A. Krotkus?, K. Bertulis?, R. Adomavicius?, V. Pacelutas?, A. Gei utis &P

a puslaidininku zik osinstitutas,Vilnius, Lietuva
® Vilniaus Gediminatechnikos universitetas Minius, Lietuva

Santrauka 1997-2008netais. ApraSyta emoje temperatiroje augin GaAs

Pateiktaivairiu puslaidininkini med iagu, naudojann kuriant ir GaBiAssluoksni technologijar zikin essarybes.|Ssamiaiap-
ultraspacius optoelektroniks prietaisus, adinamusfemtosekun-  tartasir iSanalizuotas’Hz spinduliuoes generaimasis femtose-
diniais lazeriais, eksperimentini tyrimu ap valga. Tyrimai at- kundiniulazeriusu adintu puslaidininkis pavirSiaus.
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