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Femtosecond Carrier Dynamics in GaAs Far from Equilibrium
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The dynamics of optically generated carriers in GaAs is investigated measuring transmission changes
with ultrafast time and high spectral resolution. A novel two-color 15 fs Ti:sapphire laser system allows
the observation of the femtosecond kinetics of energetic carrier distributions at excitation densities as
low as 10" cm™3. For the first time, LO phonon emission of highly excited nonequilibrium electrons
is directly monitored. The contribution of the hole distribution to the data and the influence of carrier-
carrier scattering is studied.

PACS numbers: 78.47.+p, 72.10.Di, 72.80.Ey

A detailed understanding of the basic scattering mechphonon scattering in polar semiconductors, the Frohlich
anisms of highly energetic carriers in semiconductors isnteraction with longitudinal optical (LO) phonons has not
essential for various problems in modern physics and tectbeen time resolved. We recall that LO phonon scattering
nology. Experiments investigating these effects providas a major intrinsic source of electric resistance in most di-
valuable information for subjects ranging from the devel-rect gap materials. Nonequilibrium features of highly en-
opment of high speed electronic devices to fundamentargetic electron distributions due to LO phonon emission
questions in many-body and plasma physics. Optical speérn GaAs and InP have been seen in spectrally resolved hot
troscopy with ultrashort laser pulses is a major tool for thduminescence studies with cw, ps, and fs excitation [8—12].
observation of hot carrier dynamics, since the strong couAlthough time integrated, these experiments give informa-
pling of elementary excitations, a characteristic propertytion on cc scattering times [11], band structure [12], or
of solids, leads to a rapid relaxation typically occurringthe influence of phase relaxation on the generation process
on a subpicosecond time scale. In intrinsic semiconducflO0].
tors, there are two major classes of interaction mechanisms In this Letter, we present transient absorption changes
responsible for this ultrafast temporal evolution: carrier-in GaAs measured with the help of a novel two-color
carrier (cc) and carrier-phonon (cp) scattering. The besTi:sapphire laser [13]. The high repetition rate (76 MHz)
insight into these fundamental processes is provided btogether with the spectral tunability of our system enables
experiments where the different contributions to the kinetus to observe for the first time the femtosecond kinetics
ics can be clearly separated. However, time and energyf the energetic distributions of hot carriers at excitation
resolved data under conditions where cp scattering is theensities as low as.5 X 10 cm™3. In addition, time
dominant effect and energy redistribution by cc collisionsresolution is pushed on to the 10 fs regime. In our exper-
is negligible are difficult to obtain because of the limitediments, a 500 nm thick layer of high purity GaAs grown
sensitivity of ultrafast measurements at very low carrietby molecular beam epitaxy is studied [14]. The sample
concentrations. is antireflection coated and held at a lattice temperature of

Studies of hot carrier distributions with femtosecond7, = 15 K. Free electron-hole pairs are excited above
time resolution have been carried out with two well-the band gap(Eq., = 1.52 eV) with transform-limited
established techniques: time and energy resolved trarGaussian pump pulses of a duratign= 80 fs and a cen-
sient absorption measurements [1-4] and luminescendeal photon energy of 1.63 eV. Exciting GaAs with this
up-conversion [5,6]. It turned out that these previousenergy generates electrons out of the heavy hole and light
experiments required excitation densities typicall§ < hole bands. Momentum conservation results in a sharing
10'¢ cm™3. Inthis regime, the rapid cc collisions dominate of the excess photon energy between the particles accord-
leading to a thermalization of the carriers on a 100 fs timeng to the reciprocal ratio of their effective masses: The
scale. At densities around'* cm™3, nonequilibrium dy-  electrons involved in the transition from the heavy hole
namics of hot electrons has been studied employing a seis the conduction band posses an initial excess energy of
sitive streak camera with a limited time resolution of a few10 meV, substantially above the threshold for LO phonon
picoseconds [7]. Energy exchange of the hot carriers witlemission (phonon energyw o = 36 meV). The corre-
the crystal lattice could not be observed independently isponding heavy hole distribution is centered around an
these earlier investigations. In particular, energetic strucenergy of 12 meV. Excitation out of the light hole band
ture originating from the dominant process of electron-yields electrons of an excess energy of 65 meV and light
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holes of 47 meV. The differential transmissia&d’/T  ter 100 fs [Fig. 1(b)] the maximum at 1.62 eV has clearly
induced in the sample is monitored with weak probedecreased, while the peak at 1.58 eV increased. This ef-
pulses of duration, = 15 fs and centered at photon en- fect is explained by electrons excited from the heavy hole
ergies of 1.57 eV. Pump and probe pulse trains are syrband which have emitted one LO phonon of an energy
chronized to better than 2 fs [13] with linear polarization of 36 meV, thus scattering in the energy region originally
adjusted perpendicular to each other. Energy informatiopopulated by the light hole electrons. Of special inter-
is obtained by analyzing the spectrum of the transmitteast is the observation of a third maximum2LO) aris-
probed pulses applying a double monochromator with théng near 1.53 eV at a time delay of 200 fs [Fig. 1(c)].
spectral resolution set to 4 meV. The large bandwidth ofThis peak corresponds to electrons originating from the
the short pulses allows probing in an energy interval ofight and heavy hole bands which have emitted one or
approximately 200 meV. two LO phonons, respectively. At a time delay of 500 fs

In Fig. 1 we present energy and time resolved transfFig. 1(d)] most electrons have relaxed to the bottom of
mission changes recorded after excitationldf X 10>  the conduction band where no LO phonon emission is
electron-hole pairs per chat four delay times of 40, possible.

100, 200, and 500 fs. The signals are dominated by the The steep increase in transmission observed near
bleaching of the transition from the heavy hole to thel.52 eV is caused by the screening of exciton states
conduction band due to the photoexcited electron popthigher than §) by the generated charge carriers. Screen-
ulation. At a delay time of 40 fs with respect to the ing of the electron-hole attraction strongly reduces the
maximum of the pump puls@, = 80 fs), carrier genera- exciton’s oscillator strength leading to a substantial de-
tion is almost completed. In the corresponding spectruncrease of the absorption. At all time delays, we observe
[Fig. 1(a)] the most prominent peak appears at a photoa weak narrow band near 1.55 €¥#x + LO), at the
energy of 1.62 eV (heavy hole), representing the electronenergy of one optical phonon above theekciton in our
excited from the heavy hole band. A less pronouncedample. We attribute this novel feature to the bleaching
maximum is situated near 1.58 eV (light hole), being dueof a two quantum absorption process, where one photon
to the electrons originating from the light hole band. Thecreates an exciton together with an optical phonon. This
relative magnitude of the two peaks is in good agreeline has not been seen, to our knowledge, in previous
ment with the ratio of 5:2 which is expected theoreticallylinear absorption spectra since the two quantum process is
for excitations out of the two valence bands [15]. Af- approximately 2 orders of magnitude weaker than the di-
rect transitions prevailing above the band gap. The peak
appears more pronounced in our measurements because
of the high nonlinearity of the excitonic absorption.

Another interesting phenomenon is found around the
probing energy of 1.65 eV. In sharp contrast to the ex-
pected bleaching by the carrier population, a pronounced
induced absorption appears above the maximum of the
pump spectrum: The nonequilibrium distribution of elec-
trons causes an increase of the Coulomb enhancement fac-
tor of the absorption at its high energy side [16]. This
many-body effect is closely related to the Fermi edge
singularities in metals and highly doped semiconductors
[2,17]. The simultaneous slight redshift of the bleaching
peak has previously been discussed at much higher excita-
tion densities [2,18]. We emphasize that at our low carrier
concentrations the induced absorption still exists strongly
at delay times substantially longer than the duration of the
excitation pulses [Figs. 1(b) and 1(c)].

In order to demonstrate the increasing influence of cc
scattering we present in Fig. 2 four spectra obtained at a
T 1 order of magnitude higher density afx 10'6cm™3.

1.65 All other parameters remain equal to the data in Fig. 1.
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Transmission Change AT/ T x 10

a1
1.55
Photon Energy (eV) In this regime, the rapid dephasing due to cc collisions
o results in a broadening of carrier generationkirspace
FIG. 1. (a)—(d) Spectrally resolved transmission changegig). |n addition, energy exchange between the carriers is

1.60

éxi{tgticr)r:]e%seunrsei(tjy fgerf(i”Lg |f>f<er1%r?§ 0%9? eanddelg¥§a algtt?ge also more efficient. Both effects contribute to the less

temperature of7, = 15 K. Dashed lines: spectrum of the Pronounced structure found in the spectra depicted in
excitation pulse. Fig. 2. However, the time resolved measurements clearly
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T To obtain more quantitative information on the dynam-

———————————
10F @ tp=401s ’ ics of electrons and holes, we performed a series of time
5F . resolved measurements with a probing energy of 1.62 eV,
A corresponding to the maximum of the most prominent ini-
- 0 / \‘_( tial bleaching peak. The temporal evolution®t' /T for
2 1ok :(:b): t: —1:00fs = the two densities discussed above is shown in the semilog-
|>_< D™ arithmic plots of Fig. 3. The data were corrected for a
= 5 - weak negative background due to band-gap renormaliza-
< e\ tion [19] taken from our data at a delay time of several
‘é’ao].“”.'“”h picoseconds.
S o iC)I NJPP PSRRI At a density of1.5 X 10" cm™3 [Fig. 3(a)], we find
‘-:’ D™ a kinetics with a biexponential behavior: The fast ini-
S 5F - tial dynamics shows a decay time = 220 = 20 fs. As
g O expected, this finding is in good agreement with LO
4] L phonon emission times of hqt_ elect_rons in GaAs re-
® oF T o, A ] ported previously [20,21]. Additional time resolved data
- (d) t;=5001s give the same value of, independent of density below
5 . 3 X 10" cm3, indicating that energy relaxation by cc
0 2om scattering is inefficient compared to LO phonon emis-
o L L sion. At densities above approximateyx 105 ecm™3,
1.55 1.60 1.65 71 s found to become S|gn|f.|cantly faster. The grow-
Photon Energy (V) ing contribution of cc scattering accelerates the energy

redistribution of the electrons [e.gr; = 185 = 15 fs for
FIG. 2. (a)-(d) Spectrally resolved ftransmission changesy =2 x 10!°cm™3, Fig. 3(b)]. These results quantita-
AT/T at an excitation density af =2 X 10'® cm™® for the ey agree with theoretical predictions for the scatter-
same delay times and for equal parameters as in Fig. 1. . . . . .

ing rates of nonthermal carriers in GaAs, including full

dynamical screening of the cc interaction [22]: For a

Gaussian electron distribution of an energetic width of
show that the initial energy relaxation of the electrons is
still strongly affected by the relatively slow LO phonon
emission. As a consequence, the electrons have not
yet relaxed into a thermal equilibrium distribution after 8
200 fs [Fig. 2(c)]. This behavior is completely different 10418
to the kinetics found at densities aboM@’ cm™3, where -
the effective energy exchange among carriers leads to 5
an ultrafast thermalization almost completed after 100 fs 3
[4,5]. The spectra taken at a concentration X
10 cm™3 show a strong decrease in transmission at
1.52 eV indicating a larger influence of renormalization
effects which lead to an enhanced absorption below the
original gap energy.

At the late delay times of 500 fs [Figs. 1(d) and 2(d)],
for both excitation densities a small, nearly constant,
bleaching between 1.56 and 1.62 eV is observed. The hot i
electrons cannot account for this finding, since after 500 fs 10
the occupation of electrons in states high in the conduction
band is negligible. We note that also holes can contribute
to the transmission changes seen in our experiment. 10
While the light holes should relax rapidly, the heavy
holes generated by the pump photons are below the
threshold for LO phonon emission and thus might bleachFIG. 3. Transmission changesT /T at a probing energy of
transitions around 1.63 eV for longer times. Recently, it1.62 eV vs delay times for two different carrier concentrations
was demonstrated that for comparable energies of electrdh (2) The dashed lines represent two components with time

d h hole distributi the t 2 h constantsr; and 7, of a biexponential fit to the data. (b) A
and heavy hole distributions the transSmission Changeg,,noexponential fit to the initial decay timg is indicated

observed probing high above the band gap are dominatag the dashed line. A slower component is suggested by the
by the holes [19]. reduced slope aroungh = 700 fs (dotted line).
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20 meV centered 100 meV above the band edge, an ef- The authors are indebted to Tilmann Kuhn and Fausto
fective electron-electron scattering rate lops ! is cal-  Rossi for valuable discussions.

culated at a density af X 10'® cm~3. Combined with
an LO phonon emission rate @7 ps™' [22], an ini-
tial decay time of the electron distribution around =

175 fs is expected. Assuming aN'/2 dependence for
the energy relaxation via cc collisions [23], we esti-
mate the corresponding scattering rate to be approxi

mately0.2ps’_1 at a density ofl x 10 crlf3. .AS ob- [2] J.-P. Foing, D. Hulin, M. Joffre, M.K. Jackson, J.-L.

served experimentally fav < 3 X 10" cm™?, this small Oudar, C. Tanguy, and M. Combescot, Phys. Rev. Lett.

cc scattering contribution is below the accuracy of our  gg 110 (1992). ’
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dependent on carrier density in the range of our investi-[5] T. Elsaesser, J. Shah, L. Rota, and P. Lugli, Phys. Rev.

gation, i.e., betweess X 10'* and5 X 10'® cm™3. We Lett. 66, 1757 (1991). ,

recall that the heavy holes cannot emit LO phonons onle] E-m';'o;fd”?titrs' F?#;Sa”é'ec\; ';7K‘1’§e2‘g'(fé%) Zhou, W.

account of their low excess energy. However, the high o o\ “s; 50 "W 'w. Rinle, Y.-C. Lu, and E. Bauser,

density of final states for cc collisions within the heavy Phys. Rev. Lett68, 990 (1992): Phys. Rev. B5, 10979

hole band leads to higher rates for hole-hole scattering (1992')_ ' ’ ’ ' T

compared to electron-electron scattering. From a serie§g) p.N. Mirlin, 1. Ja. Karlik, L. P. Nikitin, I.1. Reshina, and

of measurements with increasing carrier concentrations, ~ v.F. Sapega, Solid State Comm8¥, 757 (1981).

we can trace the time constant = 1150 =+ 200 fs ob- [9] R.G. Ulbrich, J. A. Kash, and J. C. Tsang, Phys. Rev. Lett.

served atl.5 X 10 cm™3 [Fig. 3(a)] changing into a 62, 949 (1989); J. A. Kash, Phys. Rev.4®, 3455 (1989);

slope of approximately 350 fs obtained at the higher den- 47, 1221 (1993).

sity of 2 X 10'® cm™3 around a delay time of 700 fs [dot- [10] A. Leitenstorfer, A. Lohner, T. Elsaesser, S. Haas, F.

ted line in Fig. 3(b)]. We note that a densities above  Rossi, T. Kuhn, W. Klein, G. Boehm, G. Traenkle, and

3 X 10" cm™ the data cannot be fitted with two ex- 11] 33-Awigﬁ"g'hsgy;ese‘é‘g'-ig%??l?gég%)'

pon_entlal tlme_cohstgnts within the first p|cose_cond afteJlZ] W. Hackenberg, R.T. Phillips, and H.P. Hughes, Phys.

excitation. This finding can be related to the increasin Rev. B50, 10598 (1994),

influence of the cc scattering rates. The latter are ther‘r*l—13] A. Leitenstorfer, C. First, and A. Laubereau, Opt. Lett.
selves strongly time dependent due to the rapidly varying ~ 20 916 (1995). ' ’

carrier distributions [24]. The origin of the weakly pro- [14] The carrier lifetime in our sample is measured to be of the
nounced picosecond dynamics observed at higher densi-  order of 50 ps.
ties [for time delaystp > 1500 fs in Fig. 3(d)] is com- [15] See, for example, B.K. RidleyQuantum Processes in
plex in nature. Processes such as heavy hole cooling and/ SemiconductoréClarendon Press, Oxford, 1993), p. 194.
or diffusion effects within the thin sample contribute to [16] R. Zimmermann, Phys. Status Solidil86 371 (1988).
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