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Ultrafast Spectroscopy of Semiconductors

Ernst O, Gobel
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cenmelinften. Benthel 501 3550 Maghury, Federal Republie of Gernwany

Gunmary: Vlirafost laser spectroseopy with time resolalion down to G femtosee
couels Tins Deen applicd to shindy ophieal deplsing. relngation, and recombinalion
varions semicondnetors and serieonduetor mierostructures. We report some appli
cations of nltvafast Taser speciroscopy to Liudk and quantum well 111V and 11V
semiconduetors i oreder 1o illnstrate the potentind. The characteristic time seales
for dephasing, relnxation and recombination are disenssed aned Aetermined CXpOTi-
mentally.

1 Introduction

The mapie word faster Lins always heen one of the major clallenges in 1hie develop:
ment of semiconductor inierociectronies aud aploelectronics, For many yrars this
Lasieally has heen o Lask fon deviee and chip desipn, however, i our davs deviee
feclmolopy s conclied o levell where ihe characteristie time constands of the un:
derlying physienl provesses iy determine the apeed Timits. Tnvestigntion of these
Setpinsie dime constants this Lz heeome an important fieded ot onldy i hasic e
conreht hut also [renran applicd pont ol view, Recent developments in ultenfast faser
pechnolney now allow 1o shudy the very jnttinl dnteraellon processes of nonequilih
it earriers inoa sentieondietor with its environmient aed this e resolved Taser
apectroscopy hiaw Hrecone o powerfnl toal in medern semiconduetor physies.

I this article we shiall demenshrate the great potentinl of Whitrafast Lser spectroscopy
for the invesiipation of the dynammes of nonequilibrimn carriers m cemnirondunetors,
The prosent stale of the art of haser fechnolopy for short aptical prdse grneration
will he smmarized hrictly anel seme seleeted applications for the study of optieal
deshnsing, cnersy relnsation, anel recombination in TV e 1T VT semieondnetors

and quanlbm woll slrnetures will be Minenssed,

2 Femtosccond Laser Technology

Femtosecond Tser eelmotogy is hased on mode locking of lasers witl snfficiently
Fpee vain Bl wiedt o Tike dye sers, colour centet Jasers or semiconductor Tasers,
Noode locking refers to ihe eoherent s111)(~1‘[\nsitinu of the 1()11pjl.11r|}11:\1 Inser eavily
mode whielr is foreed Ly aelive or passive gaii or lose modulation [1]. Milestones

torarnrels onrday s feqnioeceond liser ieelinolopy are (he D=t demonsd ration of mode
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loeking of aoruby [2] snd o NGYAG Luser [3], the fiest demonstration of synelironous
[1] aned passive [5) mode loeking of a pulsed dye Liser, synchronons mode locking
of ew dye laser by pumping with o mode locked argou laser [6], the development
of the colliding pulse mode Tocked (CPM} ring dye laser [7] and more recently the
realizobon of additive pulse mode locking (APM) [8], whicls ean he considered as a
grneridized version of the soliton laser [9].

Fepardless of the different sehemes) the fundamental Timit for the direet generation
of shiorl optical pulses with mode locked lasers is set by the speetral handwidih of
e longitudinal mode spectrung, Av, according to the relation

Al A1 (1)

Hewever,in fhe subpleosecond regime effects like self phase modulation and group
cetonty dispersion ocenr and accareful balance of the different pulse shaping meeh-
anistis s veguired to achieve pulse widths approaching this limit. Pulse widths as
At as 27 I have heen generated diveetly with a CPM Laser by earefully optimising
the cperating conditions and applying intraeavity dispersion compensation [10],
Vibiditional pulse shorlening ean be achieved externally, ie. outside the laser res-
cnator, by using pulse compression techmiques, most cormonly an optical fiber for
supoming i frequency clirp onto the optieal pulses while travelling throngh the fiber
ared e dispersive delay line, e o pair of gradiugs, for subsequent compression of
Ve prdses [T I the spectral region eorresponding to negative group velocity dis-
peraion ol the fibers (A > 1.8 i) compression ean be achieved by the fiber itself
P palse shagang then is very mueh like in soliton lasers. More soplisticated
Poic compression sehemes applying grativg aud prisin combinations have made it
pessible to ompress pulses of a BRh 6G CPM dye laser down to 6 fs [13].
With respect o spectroscopy applications, the femtosecond laser systems have the
drawhack that the Taser photon energy practically eanmot be tuned. To overcome
s ditferent techuigques for so-called femtoseeond white light contimuun generation
hove beenaleveloped [14]0 This white light continnum generation involves three
:-“I!';:
tr)anphiication of the femtosecond light pulses by an optical amnplifier [15],
i compression of the amupliticd pulses e.g. by a grating compressor, and
{in] continnnm generation in an optically nonlinear medium, e.g. an ethylene aly-
cal jet, where the new frequency components are generated due to self phinse
modidation of the incoming light palses.
Wihnte hglit continmun pulses with typical pulse widths of the order of 100 fs have
P penerated wiid conter wiwvelengths at 620 nm [14] as well as 800 nm [16, 17].
Al epether, time resolved optical spectroscopy in the visible and near infrared regitme
vl e resolidion of 100 fs and  fusome eases appreciably higher - is possible,
present, However, one hias to keep in mind that the spectral resolution becomes

very poor aned i general atrade-off between time resolution and spectral resolution
Fees to hie found.

3 Hierarchy of Time Constants in Semiconductors

The dynamics of optical excitations in a shmple noninteracting homogeneously or
inthomogencously broadened two level system is described by the optical Bloch equa-
tions for the time dependence of the polarization and population. In the density
matrix formalism the optical Bloch equations for a two level system are {18] (h = 1):

8/6tp1a — fwyprz + pra/Te = —1pE(L)Nip,y 24)
5/6tNimJ + [Ninv - N(]] /Tl = _12}'1E(t) [,01'.' - 021] (21))

wlhere p;; and p,; are respectively, the dingonal and off-diagonul elements of the
density matrix, ;i is the dipole matrix element, i.c. jo- E(t) = Hie is the interaction
Hamiltonian, The off-diagonal elements determine the dipole moment p correspond-
ing to the excitation of the two level system with eigenfrequency wy according to:

p=plpiz —pn] - (3)

The macroscopic polarization P, which is the driving force for coherent cmission
frows the two level system, is proportional to p, PP = N - p, where N s the density
of two level systems. The population of the levels 1 and 2 is determined by the
diagonal elements of the density matrix and the inversion density Ny, is given by
Niww = p22 — p1y and Ny 1s its equilibrium value.

The meaning of the time constants T and T3 in Egs. (2a) and (2D) is readily seen
when the driving light field is turned off, i.e. E(2) = 0. Eqs. {(2a) and {2D1) then are
decoupled nnd Ty deseribes the exponential decay of the macroscopic polarization
in the rotating fraane

Pty = P(0)exp (—1/T,) (1)
whereas Ty accounts for the decuy of the inversion
Nl'mr(t) - N{l = [JV,',,,.(O) - NU] oxXp (_f/TI) . (5)

Sice the macroscopic polarization is sensitive to the phase relation of the individual
dipoles, Ty 1s called the dephasing time, wheveas Ty 1s the population lifetime. The
dephasing time Ty is related to the spectral linewidtl: I' of the transition at frequeney
wy {Ty = (1/T)). The decay of the poputation of course also results in a decrease of
the macroscopic polarization and the relation

1Ty = 1/2Ty + 11" (6)

holds, where T* accounts for pure dephasing processes. Eq. (6) defines the hierarehy
of time constants for a two level system according to

Ty <2Ty. (7)

Extension of this formalism to noninteracting mhomogeneously broadened two Jevel
systems is straightforward [19]. The macroscopie polarization is now obtained by
the spatial average of the dipole moments

P(t) = /'lwu glwo} pwo,t) (8



where g{wg) is the distributien function for the eigenfrequencies of the two level
systems. The temporal develooment of the macroscopic polarization now, however,
is not only determined by tlie dephasing time Ty, but also by the inhomogencons
linewidth App. In partieular, the macroscopic polarization deeays after &-pulse
exellabion with a characteristic time constant of T = (1/Aa1), even for infinite T
(Tree induetion deeay). This dephasing, however, is reversible and ean e recovered
Ly asubsequent light pulse ab § == 1 leading to the emission of a photen echo at
{ == 2r. I{ Ty is finite, a photon echio can be observed only for delay times of the
rephasing pulse in the order of Ty, Photon eclioes, in any case, are possible only
for inlomogeneonsly hroadened transitions. In turn, time resolved detection of o
photon eelio provides a reliahle determination of T without further assumptions,
eqeon the ratio of lomogeneous to inhomogencous broadening,

Tl situation is mivel more ecanplieated in semiconductors and it seems impossible
to apply Lhe two level seheme at all to diseuss and explain experimental results.
Several different approaches to describe eoherent interaction of light with intrinsic
semieonductors have heen developed recently [20]. Nevertheless, we may still apply
a veneralized two level model at least for the definition of the hierarchy of time
constants and qualitative interpretation of experiments. In fact, as single particle
exeilations, e hand to hand sransitions are concerned, the semiconductor might be
considered ns an inhomogencously broadened two level system in momentum space
with a broadening determined hy the width of the electronic hands. Interaction
hetween these two level systems due to inelastic scattering then can be accounted
o phenomenologically by o spectral relaxation time Ty [20] and thns Eq. (6) has

to he extended to

/Ty =1/Ty + 1/T* + 1/2T, ()
i anadogy o Llie case of inhomogencously broadened two level systemns in real space
iR
O the base of B, {(9) the alerarchy of time constants for the relaxation of op-
fieal exeifations in semicondnetors ean be defined as illustrated schematieally in
Fig. 1. Interaction of a sho-t laser pulse with the electronie states of the semi-
condietor sets up acoherent macroscopie polarization. This cohierent polarization
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I, 1 Schemadie representation of the different time regimes in the relaxation of
photocceited carriers in o semicondnetor.

-k, Ky

Fig. 2 Schematic illustration of relaxation processes in a bulk (3D} and quan-
tum well RED) semiconductor. The respective time regimes according to Fig. 1 arc
indicated by the circled numbers.

decays irreversibly with a time constant Ty due to clastic and inelastic scattering
characterized by T* and Ty, respectively. Subsequently, after the loss of polarization
the population may further relax in energy by subsequent Ty-processes and finally
the (inversion) population will decay due to recombination with a time constant T,
The respective processes involved in the different relaxation steps are schematically
indieated in a simplified band structure diagram for a direct gap bulk material,
e.r. GaAs and a corresponding quantum well structure [23] with quantization along
k.n Fip. 2.

In the following, we shall present and discuss some recent experiments for the dif-
ferent regimes classified in Fig. 1.

4 The Coherent Regime

I two subscquent Inser pulses impinge onto a semiconductor within the coherent
regime, the response or signal reflects the cohierent interaction of the fields and
induced polarizations of the two excitation pulses, giving rise to e.g. the optical
Stark effect {24, 25), coherent emission [26], and photon echoes {27].

A versatile experimental approach to investignte the coherent regime is by time
resolved four wave mixing. The general schieme of these experiments is shown in
Fig. 3. The sample is excited by three subsequent excitation pulses with waveveetor
ki, ko, and ky, respectively, at times 2 =0, ¢ = 7, and £ = T. A signal then can be
emitted into direetions 4 and 4' with corresponding wavevectors ky = ka + (k1 — k2)
and ."\?,'l = ky — (b — k) due to the nonlinear interaction in the sample. This
general scheme for time resolved four wave mixing experiments now can be applied
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Fig. 3 Scheme of tine resolved four wave mixing experiments.

100 1
>
o
T
@ 10.7 1s
c 10 4
@
Q
=
o 7.8 fs
= UL I
o —— N+MiD cB&
A
— T
e N-B-wl ca? 5 7 fs
v
~ H=3 3x0 ca?
T .
----N--EIIIJl u3
9.1 3.5 fs
T T

T T T T T T T

-10 0 10 20 30
time delay (femtoseconds)

Fig. 4  Self diffraction due Lo free carrier excitation in bulk GaAs. After Ref. [29].

i diflerent versions. For time integrated, e.g. not thne resolved detection of the
sipnals 4 or 4 and 7 = 0, these transient grating cxperiments have been employed
Lo sty recombination and dilfusion of excitations {28). If only beam 1 and 2 are
nsed with thine integrated detection self diffraction (ks = ko) generates the signal
into direction -4 aud 4" Self diflraction basically is determined by 7%, however
Ty and Ty as well as the amount of inhomogencons hroadening also enter.  Self
dilfvaction with time resolved detection of the signals 4 and 4’ in the case of an
inhomogencously hroawsdened transition corresponds to o photon echo experiment,
while the wost generad three beam experiment with time resolved detection of the
sigiiads is ealled a stimmlated photon echo experiment.,

Dephasing of free enrier exeitations In bulk GaAs has been recently studied i a
sell ditlraction experinsent with 6 fs time resolution by Becker et al. [29]. The exper-
imental result for an exeitation photon energy of 2 ¢V and for different excitation
itensitios s depleted in Fig. 4, showing the dependence of the diffracted signal in-
teusity into the direction corresponding to 2ke — &) as o function of the delay time .

24

The respective deeay constants of the self diffraction signal are plotted in the fipure,
the dephasing tines Ty in the present ease of strong inhomogeneous broadening are
obtained by multiplying the decay times by four.

For excitation closer to the band gap of bulk Gads (B, =1.52 V) and GaAs/AlGaAs
uantun well structures longer dephasing times of the order of 300 fs and 150 {5, re-
spectively, have heen determined by spectral hole burning and polarization rotation
expesiments [30,31], Dephasing for band to band excitation in semiconductors at
the 1igh excitation intensitics generally required because of the low effiency of the
noudinear interaction will be determined by earrier-carrier seatiering as confirmed
by the results by Becker et al. [20] and recently discussed by Gurevich et al. [32).

The tephasing of resonantly excited free excitons in bulk GaAs and GaAs/AlGaAs
quantum wells hias been studied by Sehultheis and coworkers [33,34) and in CdSe
by Lomfeld et al. [35]. The dephasing times are typically of the order of a few
picoseconds which is appreciably longer than for free carvier excitations. The de-
phasng at low excitation intensities is determined ly exciton-acoustic phonon in-
teraction. Exciton-exciton ad exeiton-free earrier scattering also coutribute at
higher excitation intensities with free carrier scaltering being much more effective
than exciton-cxciton scattering. A decrease of the acoustic phonen conpling with
decreasing qnuantum well thickness has also been deduced from self diffraction ex-
peritaents [36]. In addition to these incolierent scattering processes self diffraction
experiments also reveal the coherent exciton-exciton interaction as recently demon-
strated by Leo et al. for GaAs/AlGaAs quantum wells [37] and by Wegener ct al. for
InGeAs/InAlAs quantum wells (38}

The relatively long dephasing times of free excitons of the order of several picosee-
onds allow the observation of quantum beats in the polarization decay as demon-
strated very recently for excitons in quantum wells [39] as well as free excitons in a
magnctic field in AgBr [26]. The experimental data of « self diffraction experiment
in a GaAs/AlGads quantum well with GaAs quantum well thickness of L, = 7 nm
are depicted in Fig. 5. The exponential decay of the diffracted signal intensity is

superimposed by a modulation. This modulation arises from the interference of the

macroscopic polarisation of two exciton levels separated in energy by an amount
corresponding roughly to the beat frequency. In the ease of this particular quan-
tum well sample these two levels correspond to excitons excited in different spatial
regitnes of the quantum well with thickness difference of one monolayer. Recently,
quactum beats in quantum wells have also been observed for lght and heavy hole
excitons [40,41]. In the AgBr quantuin beat experiment the beats are due to the
exciton levels splitted in an external magnetie field [26].

The dephasing of weally localized exeitons has been studied first by Hegarty et
al. in quantum weils of GaAs/AlGaAs [42] and InGaAs/TuP [43} and more recently
it detail in CdSSe mixed erystals [44]. Loealization of excitons in quantum wells is
due zo energy disorder eaused by inavoidiable well width fluctuations [45]. In mixed
erystals exeiton localization arises from chemical disorder [46,47). Tt has been shown
for CdSSe that dephasing of excitons resonantly excited within the localized state
regime, i at the low energy wing of the exciton absorption can be appreciably
slowar than for free excitons [44]. The most convineing demonstration of these long
deplasing times is by a stimulated photon echo experiment [27]. The experimental

27
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Fig. 6 Stinmlated ploton echo due to localized exciton excitation in CdSSe. The

pulses Jabeled 1-3 correspond to the exeitation pulses, The shaded signal i the
stinmlated photou echo {27].

result is depicted in Fig. 6. Time resolved detection of the photon echo cmitted into
the phase matehing direction k4 i performed by a stronk camera with 20 ps time
resolution. The signals labelled 1, 2, and 3 correspond to the excitation pulses, the
tirae delay between pulse 1 and 2 (1 = ty) is given in the fizure. Pulse number
3 %5 delayed by a fixed anmount of T = 400 ps. The signal marked by shaded area
corresponds to the stimulated photon echo which is emitted at a time t = T+
Stimulated photon echoes are observed up to delay times of the order of 100 ps
which demonstrates that Ty ean be of the arder of 400 ps for excitons excited at
very low energies. The dephasing times become much shorter at higher photon

erergics, where localization is wealker.

D-phasing of excitons in InGaAs/InAlAs quantum wells has been investigated re-
cently by Wegener et al. [48]. Results of a self diffraction experiment are shown
in Fig. 7 for a quantum well with L, = 20 um at three different temperatures.
The InGaAs/InAlAs guantum well system is of particular interest because of the
combined effect of energy disorder and chemical disorder. However, in pretended
contrast to the results on CdSSe mixed crystals, the dephasing times as listed in
Fig. 7 are much shorter than for free excitons in GaAs and CdSe. Thus it seems
o wious, that the problem of dephasing of localized excitons is quite complicated
aad general conclusions are difficult at present. This in fact, is strongly supported
by recent theoretical studies of disorder indnced dephasing in semiconductors [49].
It is demonstrated thab aquasi continuous transition from a two level system in mo-
mentum space without disorder to a non-interacting two level system in real space
for strong disorder exists. In the intermediate regime, dephasing by disorder alone
without any quasi particle interaction oceurs and thus dephasing of excitons in dis-
ordered semicondnctors miay strongly depend on the detailed nature and strength
of the disorder.

[PR —
- In Ga As/In Al As
™~ —
£ - T=SK T, =550fs
[ .
> T=38K \ T, =4Q@fs
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- -
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Fig. 7 Self diffraction due to exciton excitation in an InCnAs/InAlAs quantum
welt with L, = 20 nm ab three different temperatures of 5 I, 30 I, and 50 K [48].
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5 The Cooling Regime
5.1 Carrier cooling

The subject of ciorier cooling in bulk semiconductors and quantum well structures
Lis been of considerable interest over the last years, because these studies provide
a very direct access to the interaction of nonequilibrium carriers with the lattice.
Time resolved laminescenee has been mainly employed. Several excellent reviews
covering this topie lave heen published recently [50-53]. We will here discnss only
a Tew cxnmples 1o ilhstrate the concept and potential of these experiments. In
a very crwde pletare, Lhe cooling regime can be described as follows:  After the
mitial seattering of nonresonantly excited carriers out of the optically coupled states,
wineh canses the decay of the macroscopie polarvization, the carriers lose their excess
coergy by the cutission of phionons and thernadize amongst cach othier to a thermal
Lt ot distribution due to carrier carrier scatbering. Depending on carrier density,
phionon seattering or earrier-carrier scattering dominates initially. The change of the
corrier distribution function with thne can be directly measured very conveniently
by thime resolved photoluminescence or excite and probe experiments with white
gt cominmum probe pulses. I o thermalized distribution function is established,
the conling can be characterized by the variation of the effective carmer temperature
with e, An exaple for these cooling curves is shown in Fig. 8 for bulk GaAs
[7+1]. The ellective carrier temperature s plotted versus delay time, the zero on this
seale corvesponds to 20 ps after excitation. The effective temperature decreases with
iereising tine reflecting the cooling of the cartiers. Carrier cooling obviously is
redvieed at higher exeitation infensities which can be attributed to hot phonon effects
(0] Sevecumg of the Frohlich imteraction, which is the dominant cooling mechanisi
i the polar TV and I VT semiconductors, would also result in a reduetion of the
cooling rives, however, seeins to be less hmportant even up to curvier densities of
the order of 1018 e =3 [6].

L. bulk CoAs heterostructure
140 \\ 2 nem:?,Oxm‘;cm"]’
r - 1 -3
® Ngy=1.3x10""em
sn L . exc
120 = s .'we,(5=2.8x1015cm_3
[ o + nex:=6.0x1015cm_3
100+

carrier temperature (K)

delay fime (ps)

Fig. 8 Cooling curve for free carrier excitations in hulk GaAs, The effective carrier
temperature 1s plotted versns delay time, After Ref. [54].
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Carrier cooling in quantum well structures has also been investigated by many
groups recently and the conclisions driven in detail are still controversal. Leo et
al, [67] have performed detailed studies of cooling in bulk Gads aud modulation
doped as well as undoped GaAs/AlGaAs quantum wells. They conclude that car-
vier eooling in bulk samples and quantum well structures is much the same for the
same volume densities in accordance with earlier theoretical conclusions [58]. In par-
ticular, they demonstrate that carrier scattering with longitudinal optical phonons
due to the Frollich interaction is independent on well width. Instead a slight in-
erease of the aoustic deformation potential scattering with decreasing well width
is observed. Ryan and coworkers reported a reduction of the carrier cooling for un-
daped Gads quantumn wells with wide wells {59] due to the slow Light to heavy hole
seattering [60]. Nevertheless, the well widih dependence of carrier cooling in quan-
turn wells is small and the overall reduction of the cooling rates at high excitation
intensitios can be attributed to hot phonon effects in both, bulk and quantun well
samples. Whetler different cooting behaviour might be observed in very thin quan-
tum wells e due to the modifientions of the phonon spectrim (interface phonons
[61]) remains an open question at present |62, 63].

Hot curier cooling has also bheen studied in materials other than GaAs. For example,
the cooling in InGaAs has been investigated by Kash et al. [64] and recently by Rieck
et al. [65]. Couling in lmlk InGaAs and InGaAs/InAlAs quantium well stroetures was
compared by Lobentanzer et al. [66]. Carrier cooling has also been studied by time
resolved luminescence in CdS at high excitation intensities [67]. It turns out that ot
phonon effects are less pronounced in this II-VI semiconductor due to the shorter
phonon Lfetime [68]. At low excitation intensities, hot excitons ave formed in the
wide gap 1T VI materials and thermalization and cooling proceeds via hot exciton
relaxalion, us recently demonstrated for CdZnTe/ZnTe multiple quantum wells by
means of time resolved luminescence and self diffraction experiments [69). In the
nonpelar semiconductor Ge cooling has been investigated by means of subpicoseeond
excite and probe experiinents by Roskos ct al. [70].

A complementary and very elegant approach to study eavrier-phonon interaction by
timne resalved teclmiques is the inverse of the above described cooling experiments,
.e. the observation of the heating of resonantly exeited cold carriers by a warm
lattice.

This technigue has been introdneed by Rilile et al. [71] using time resolved Inmines-
cence to investigate cleetron-phonon interaction in GaAs. The particular advantage
of tlis approach is that hot phonon effects are climinated. A similar concept has
been applied by Knox et al. [72] to study the dynamics of exciton dissoziation at
room temperature in a GaAs/AlGaAs quantum well by means of femtosecond excite
and probe experiments. An exciton ionization time due to optical phonon scatter-
mg of about 300 fs is obtained. Finally it should be mentioned that transient free
carrier absorption applying picesecond infrared laser pulses (A =~ 7 ;rm) also has a
great potential for the study of carrier cooling in semicouductors {73},

Energy relaxation of carriers within localized continwun states of semiconductors
can be appreciably slower than in delocalized extended states because energy, re-
laxation then requires spatial relaxation. Energy relaxation can be deseribed by
multiple trapping or hopping in the two extremes of high and low temperatures, re-
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Diflerent ultrafast spectroscopy methods have been applied recentiy to study inter-
valley scattering in GaAs bulk and quantum well samples 180-84], A1GnAs [80, 81, 85]
and InT [84], even though in some cases stationary hot luminescence cxperiments
also may be applied {86-8Y]. Excite and probe as well as transmission cotrelation
experiments in GaAs have provided intervalley scatiering times of the order of 10
to 100 fs for I-X as well as [-L scattering. Longer intervalley scattering times
have heen obtained in some of the ew-cxperiments [88]. However, since the exper-
imental conditions (excess energy, excitation intensity etc.) may not be always the

a-SiiH  Eex 2006V
15K EDLZ'I.Q eV

.
diffracted intensity
tarb. units)

0 ] 20 l 0 same one should be carcful in the comparison of different data. The femtosecond
detay time [psl lnminescenee cxperiments by Shah et al. [83] have shown that the reverse scattering
Fig. @ Transient grating signal in hydrogenated amorphous Silicon at three if- Process, e.£. from the L-conduction band to the central minimum 15 much slower

forent temperatures of 10 K, 70 K, and 300 K [79]. {of the order of a few ps) due to the different masses and thus density of states of
the different bands.

Whereas in clementary or binary bulk semicondictors intervalley scattering requires

spoctively, as investigated in great detail for hydrogenated amorphous silicon. Time participation of large k-vector phonons, intervalley seattering in mixed alloy semi-
"“-*"“1"“‘_1 -‘*'I“'“'“'f?-"“'“l’}' again lias ]?“(‘“ proven to be a powerful tool to explore energy conductors can take place without phonon participation as demonstrated recently
relnxation in disordered erystalline [74,75) ns well as amorphous semiconductors by Kalt et al. [85] in AlGaAs hy means of time resolved Inminescence.

i76-78). The transition of photeexcited carriers from the extended state regime
at higher erergies into the loenlized states across the so-called mobility edge has
heen studicd in amorphons silicon and related alloys by Noll et al. (79} applying the
framsient grating technique. Resnlts for hydrogenated amorphous silicon at three
Jifferent. temperatures are shown in Fig. 9. The first order diffracted light intensity
is plotled versus delay time. The transient grating signal exhibits an initinl fast
conuponent. with atine constant of » fow picoseconds at room temperature and is

A very special intervalley scattering process can take place in type-1I GaAs/AlAs
quantum well and superlatiice structures. In type-II quantum wells and superlat-
tices electrons and holes arc spatially separated and recombination is indirect in
real space [90], similar to nipi structures. In the GaAs/AlAs system a transition
from the usual type-I structure to a type-1I system can be achieved by a decrease of
the GaAs well thickness. The band alignment of the GaAs/AlAs system is depicted
in Fig. 10 to illustrate this behaviour. The full lines correspond to the alignment
of the T-conduction and valence band edges, the dashed line shows the position of
the X-conduction band edge. The top of the valence band is at the center of the
Brillouin 7zone for both, GaAs and AlAs. However, since AlAs is an indirect gap
semiconductor, the X-conduction band minimum is lowest in the AlAs, whereas I’
is lowest in the GaAs. In addition, the cleetron mass at the I-minimum in Gads

ahmost conskant on a picoseeond time scale afterwnrds. The initial fast transient
i e nitributed to refractive index changes caused by the relaxation of carriers
acroms the mobility edge [79]. The increase of these trapping times with decrens-
ing Lemperature reflects the satnration of the shallow localized states due to slower
celnxation within these localized states at lower temperatures.

5.2 Intervalley scattering

The conduetion hand strueture of -V semiconductors exhibits several minima at (AlIGa As  AlAs
Aiflerent points within the Briflonin zone with energy separation of the order of m n
severnl 100 meV. In the direct gap materials like GaAs and InD the minimum at the

center of the Trillowin zone (T-point) is lowest and tlhe minima at or close to the edges
of the Trillonin zone (L and X, respectively) are at higher energies. Free clectrons
witle sufficiently high cnergy then can sentter inhetween these different minima,

which is referred to as intervalley scattering. Due to the different cffective masses

corresponding to the different conduction band minima the transport properties
depend strongly on the position of the earriers in k-space as seen most clearly in
the ilsunme-CGunn effect.

[uiervalley seattering in hilk semiconductors requires the participation of larpe k-
veetor phonons.  Determination of the intervalley seattering time constants thus
amain provides direct information on the strengtly of the respective electron-phonon Fig. 10 Band alignment of 2 type-T1 (AD)GaAs/AlAs quantum woll or saperlatiice
imleraction. structie.

..... i



18 19 20 21 22
ENERGY (eV)

Fiz. 11 Differential transmission specira of a type-II GaAs/AlAs quantum well
at varions delay thoes {77 = 5 K) [91].

is el siadler {n, == 0,067 ) than the highly anisotropic effective mass of the
Nomdnimun in AlAs (me = 1.1 my, my = 0.2 mg). The heavy longitudinal mass
rre is the quantization mass for the X minima aligned along the [001] growth cli-
veclion, whereas the light transverse inass m, is the quantization mass for the X,
and Xy inima aligned along the [100] and [010] directions, respectively, Iu any
case, the continement energy increases much faster with decreasing well and barrier
thicknesses for the P-states confined in the GaAs layers as compared to the X -states
contined in the AlAs layers because of the much smaller clectron mass of the I' GaAs
stides. Eventually, at some critical thickness of the GaAs slabs, the I-conduction
bawd states of the GaAs will be higlier in energy than the X AlAs states, as indicated
w Fig. 10. This critical layer thickness in the GaAs/AlAs system is about 12 mono-
fayers of Gads (ag = 0.283 nn). Electrons created optically in the I-conuduction
band of the GaAs then will relax into the lower X states of the AlAs. Opposite to
bitervadley scattering in buik scmiconductors, this requires an appreciable spatial
transfor across the interfuce of the GaAs/AlAs heterobarrier. This unique interval-
ley seattenng process i type-IT GuAs/AlAs and AIGaAs/AlAs quantum wells and
superlattices has beew studied recently in great detadl by Feldmauu et al. [91,92)
applying virious fentosccond spectroscopy techniques. A typical result of a fein-
fosecond excite and white light contimuun probe experiment is depicted in Fig. 11
for o Lype-Il GaAs/ALAs sample with 11 wnd 24 monolayers of GaAs and AlAs,
tespectively. The saaple is excited by 100 fs pulses of a Rh 6G CPM dye laser.
Tlhis excitation pulse creates holes and cleetrons in, respectively, the I valence hand
aind conduetion band states of the GaAs, The trausmission changes induced by this
P pulse are mwonitored with the white light continuum probe pulses.

The dilferential transimssion specten (AT/T) are plotted for different delay times
hetween the pump and the probe pulses. The spectra exhibit two strong positive
praks at about 1.9 ¢V corresponding to bleaching of the light and heavy hole exciten
transition of the GaAs slabs and o weaker positive peak at about 2,2 ¢V correspond-
g, to the spht-off exeiton. The exciton bleaching recovers partly on a subpicosecond
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Fig. 12 Teak differential transmission {(frem Fig. 11} versus) delay time for the
heavy hoele (hh), light hole (1h) and split-off {s-0) exciton transition [01).
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Fig. 13 Intervalley (I-X) transfer times (T = § K} versus the squared overlap
intepral for different type-1T Gads/AlAs structures [92],

time seale in case of the type-II stractures, opposite to the hehavior of the usual
sype-I quantum wells and superlattices [33]. This partial recovery of the bleaching
signal 1s more clearly seen in Fig, 12, where the maxinnun signal is plotted for eacl
transition versus delay time. The fast partial recovery of the exciton bleaching in
type-11 strunctures can be attributed to imgervalley seattering of electrons out of Ll
P-couchietion hand states of the GaAs into the X-conduction band states of the
AlAs. Due to this seattering the state flling of the T-electrou states of the GadAs
disappenrs, which explains the partial recovery of the exciton bleaching, A T-X
seattering time of ahout 630 fs is deduced for this particalar saple. Different saan-
ples with different GaAs (AlGaAs) and AlAs layer thicknesses show different T Y
seattering times. The time constants are basically determined by the spatial overlap
of the I and X wavefunctions, which have maximmm amplitudes in the GaAs anud
AlAs, respectively, This is demonstrated in Fig, 13, where data for the T-X seatter-
ing Lhne eonstant of different samples are plotted veysus Sy, , which corresponds to
e sum over L squared overlap integrals of the T and X Kronig-Penney envelope
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wavefunctions including alt the possible X, final states. Seattering into these X,
states is possible without phonons and due to the potential step at the interface,
wlicl: mixes T and X, states. Mixing of I and X, and X, states is also possible due
to interface roughness, hut seems to be less important as compared to I'— X, mixing
2], Tor AlGaAs/AlAs type-1l quantum wells with much thicker layer thicknesses,
" X seattering also takes place by optical phonon seattering [92].

The T'-X seattermg discnssed above is an example for a process within the cool-
ing regime only possible in the artificial low dimensional structures like quantum
wells or snperlattices, Other axamples for processes which are unique to these low
dimensional semiconductors are intersubband scattering [94-96, carrier trapping
frem harrier layers into the quantum well [97] and resonant or non-resonant tunnel-
ing between different wells. This latter process will be discussed briefly as a final
exomple for the cooling regime, even though tnnneling might be considered as a
colierent. proeess and thus ceuld be treated as well in Section 4. Nevertheless, it
should be realized that the coherence in the tinneling process refers to an electron
or hole state, whereas in Section 4 we have been concerned with optical coherence.

5.3 Tunneling

One of the most fnndamental processes in quantum mechanies is tunneling of par-
tieles through potential barrizrs. Initinted by the work by Esaki and Tsu [98], tun-
neling in semicondietor quantum wells and superlattice structures has gained great
interest over the last 15 years also heeanse of the great potential for devices [99].
The traditional approach to stndy resonant and nonresonant tunneling phenomena
ix by means of clectrieal transport measurements [99-101]. More recently, however,
preosecond time resolved liminescence has been applied very suceessfully to study
tunneling in quantim well structnres [102-110]. In particular, the difference he-
tween resouant and nonresonant tunneling can be addressed in asymmetric double
quantbum well structures by epplying external electrie fields [104, 108-110]. Results
of time resolved loinescence of a GaAs/AlGaAs asymmetric double quantum well
tauneling structure with nominal thicknesses of the two GaAs quantum wells of 7
nm aned 5 unr as reported by Olerli et al. [104] are shown in Fig. 14. The upper
part. in Fig. 14 illustrates (e alignment of the n = 1 subband of the narrow well
and the 0= 1 and n = 2 subbands of the wide well at zero clectrie field (a), at the
resonanee field (b)), where the 7 = 1 and n = 2 subband of the narrow and wide well,
respectively, are in resonanee, and abeove resonance {¢). At resonance the two wells
ave strongly conpled and the energy levels are splitted according to the strength of
the conpling. An electron created in either one of the wells will oscillate colierently
ek and forth if no damping occurs. The measured tunneling times as depicted in
the lower part of Fig. 14 elearly reveal the resonance behavior showing the shortest
fnnneling time at resonance. However, the tunneling times are appreciably longer
than expected for coherent oseillation of the electron wavepacket, indieating that
incolicrent processes iwe 4o be considered in addition {104, 108].

A guite diferent experiment:] appronch to study tunneling in asyinmetric quantum
wells has heen applied recently Ly Leo et al. [111] using the two beam sell diffraction
technigue as deseribed in Section 4. The self diffracted heam intensity is meastred
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Fig. 14 Tunneling time versus bias voltage for a GaAs/AlGaAs asymmetric double
quantum well structure, The upper part shows the conduction band alipnment and
clectronie sublevels at zero bins (a), resonance (b), and above resonance (). After

Ref. [94].

in these experiments for o GaAs/AlGaAs asymmetric double quantum well with
4.2 and 6.7 nm thickness of the narrow and wide well, respectively, and a AlGaAs
{z = .37} barrier thickness of 4.8 nm for different external electric fields and for
resonant sxcitation of either the lowest exciton transition in the wide well {WW)
or the narrow well (NW). Results are shown in Fig. 15. The dephasing times Ty
as obtained {rom the decay of the self diffracted signal intensity (e.f Section 4} are
independent on electric feld in case of resonant excitation of the wide well, Opposite,
the depliasing times show a pronounced minimum a¢ the resonant ficld corresponding
to resonance of the n = 1 level of the wide and narrow well for resonant excitation
of the narrow well. The experimental results are summarized in Fig. 16, where
the decay times of the self diffracted signal intensity are plotted versus external
clectric firld strength for the case of resonant excitation of the narrow well. The
dephnsing fimes Ty are obtained by multiplying the decay times by four, because
of the deaminant inhomopencous broadening. The important difference between
resonant ~xcitation of the wide and narrow well is illustrated in the inset of Fig. 10
TResonant excitation ab the lowest possible energy in case of the narrow well canses
also nonresonant free carrter exeitation in the wide well, wherens resonnnt excitation
of tlie wide well cannot produce any intrinsic exeitation in the narrow well, heeanse
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Fig. 15 Sell diflvaction dne to exeiton exeitation in n GaAs/AlGaAs asymmctrie
double quantum well struetnre (T = 5§ K) at different bias voltages for resonant
cxeitation of the wide well = 1 heavy hole exciton (a), and n = 1 narrow well
heavy Liole exciton (b) [111]

the confineinent energy is larger in the narrow well: At the resonant field for the
n == 1 ocleciron subbamls, electrons ereated resonantly in either well can tunnel
into the neighbowr well. In ease of NW-excitation scattering with the nonresonantly
created electrons of the wide well will immediately destroy the phase of the tunneling
electrons, which results in the loss of optical eoherence of the excitonic exeitation.
[n the case of WWeexeitation the electrons can tunnel hack and forth several times
s the dephasing of the exeiton s determined by the processes already discussed
in Section 4.

6 Recombination

Recombination in high quality intrinsic direet gap semiconductors takes place on a
nanosecond, in some cases even much longer time scale. Thus ourdays recombination
is not considered to be ultrafast and will not be discussed in detail in this article.
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Fig. 16 Deceay time constants of the self diffracted signal intensity of the same
sample as shown in Fig. 15 versus electric field for resonant excitation of the narrow

weil [111].

However, a few comments will be made for the sake of completencss according to
the scheme of Fig. 1.

Recombination in intrinsie, direct gap bulk crystals as well as quantum well and su-
perlattice struetures is strongly determined by excitonic eflects. Recombination in
direct gap bulk crystals therefore has to be analyzed i the polariton picture, Fxei-
ton recombination in ultrathin heterostructures, in particular quantum wells, instead
may be discussed more straight forward in terms of exciton transition strengths. The
free exciton recombination lifetime of bulk GaAs at low temperatures has heen de-
termined to be about 3 ns [112]. Excitonic effects are enhanced in quantum wells
due to the confinement resulting in shorter exciton lifetimes [113,114]. The effect
of exciton confinement and exciton coherence on the exeiton recombination lifetime
has been studied in detail by Feldmann et al. [115-117]. Results for the low tem-
perature exciton recombination time constants for GaAs/AIGaAs multiple quantum
well structnres with different quantum well thickness L, are shown in Fig. 17. The
decay times of the exciton recombination decrease with decrensing well thickness
from nbout 1.7 ns for L, = 15 nm to about 0.32 ns for L, = 2.5 nm. This de-
crease 18 consistent with the increase of the exciton binding energy and the increasc
of the oscillator strength, yet, it hias to be considered that apart from the exciton
oseillator strengih the dephasing time T3 also deterinines the exciton recomnbination
lifetime [115-117]. The exciton decay times increase again with further decrease of
the quantum welt thickness due to the penctration of the wavefunciions into the
arrier material [118]. The radiative exciton decay times also increase again in
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Fig. 17 TFxciton luminescence decay times in GaAs/AlGaAs multiple quantum
wells as o funetion of quantum well thickness L, [115].

(i) superlattices where miniband formation occurs [119-120] revealing the transi-
tion from a two dimnensional quantum well to an anisotropic three dimensional
snperlattice and

{1 modnlation doped quantum wells due to the reduction of the exciton oscillator
strength by phase space flling [120-122].

Recombination m the type-IT quantum well and superlattices is much slower due to

the spatinl separation of eleetrons and holes with characteristic recombination times

of the order of pus or eveno s [90] comparable to indirect gap semiconductors.

7 Conclusion

As we Lave shown in this article, the life of photoexcited electron hole pairs may
cover o time seale of the order of 10 decades if the time constants of the very
initinl seattering proecesses resulting in the loss of colierence are taken as the unit
ol time. To visualize this nunber, one might keep in mind that 10 decades with a
vear as the unit of time corresponds roughly to the age of our universe since big
hang. To stay within this picture, femntosecond laser technology today has made
it possible to study experimentaily the history of o photoexcited clectron hole pair
from big bang up to its annihilation, So far, however, we are still at the beginning,
in partieninr as the very initinl processes in light -~ semiconductor interaction are
eonsidered. The potential of ultrafast laser speetroscopy hias been demonstrated,
hnt many questions still remain open, It thus scems very likely that ultrafast laser
spectroscopy of semiconductors and semiconductor microstructures will be a very
active and exciting field also in the near fubure.
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