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Nonlinear intersubband absorption of a hot quasi-two-dimensional electron plasma
studied by femtosecond infrared spectroscopy
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The transient f=1) to (n=2) intersubband absorption of a pure electron plasmanitype
Gay 4glNg 53AS/Alg 4glNg 55As quantum wells is studied in femtosecond pump-probe experiments. The ultrafast
dynamics of nonlinear absorption shows strong changes when tuning the midinfrared pulses over the intersub-
band absorption line. The nonlinear optical response is determined by both intersubband relaxation with a time
constant of 1.3 ps and the intraband dynamicsrof L) electrons, which are monitored in an independent
experiment[S0163-1826)51748-0

The quantization of electron and hole states in low-the dynamics of nonlinear IS absorption on a picosecond
dimensional semiconductors leads to a sequence of valentiene scale, a phenomenon that has not been explored until
and conduction subbands and a new type of elementary exiow.
citation, the optical intersubbarit) transition between con-  In this paper, we report a femtosecond study of nonlinear
secutive bands. The linear and nonlinear optical properties dptersubband absorption in Gaglng 53AS/Al g 48N g 52AS
IS excitations in quasi-two-dimensional semiconductors aréluantum wells. One-color measurements with femtosecond
important both from the viewpoint of the underlying carrier PUmp and probe pulses in the midinfrared demonstrate that
dynamics and for novel optoelectronic devices like the quanth® dynamics and the sign of nonlinear IS absorption change
tum cascade laskor photodetectofsfor the infrared range.
The optical transition between th@€1) and =2) con-
duction subbands in quantum wel{l3W's) is dipole allowed
and exhibits a very high absorption cross section of the order
of 10~ 1% cm?. Under intense resonant excitation of this tran-
sition, a strong nonlinear increase of transmission has been
observed in quasistationary saturation measurerhantsin

picosecond pump-probe studfesthe latter showing a pico- 1>
second decay of enhanced transmission. Wavelength (um)
The dynamics of IS excitations are governed by scattering 5 4.8 486 4.4

processes of the optically excited carriers, including IS as '
well as intrasubband relaxation. The dynamics of nonlinear
IS absorption observed in Refs. 3 and 5 have been inter-
preted in terms of population relaxation from the upper to the
lower subband whereas in Refs. 4 and 6 real-space transfer
of carriers to potential minima in the barriers of the QW
structures has been invoked to account for the picosecond I —
decay times. Such an analysis neglects the in-plane disper- 025 026 027 028
sion of the subband&nergy versus in-plank vectop and Photon Energy (eV)

the distribution of carriers ink space. However, band-
structure calculatiodsand experimental studies of IS absorp-
tion profile indicate different effective masses and nonpa-_ -+ 1o (dashed lin electron distributions.(b) Steady state

rabolicities of the two subban_d_s Wh'Ch_ lead to aintersubband absorption between the=(1) and (i=2) conduc-
k-dependent energy of the IS transition as depicted schematis ' < \bband of then-type modulation-doped Gagn ssAS/

cally in Fig. 1(a). Furthermore, recent experiments on eIec-A|0l48|nOl52As multiple-quantum-well (MQW) structure (well
trons in GaAs/Al_,GaAs and Gg _,In,AS/Al;_,InyAS  yidth 6 nm, electron concentration KA 0™ cm~2). The spectrum
quantum wells give similar time scales of IS relaxation 0C-yas measured with the sample under the Brewster angle in the
curring with time constants of 0.5 to 1 gRefs. 9-12and  infrared beam. The arrows mark the spectral position of the mid-
intraband thermalization of backscattered=(1) carriers infrared pulses used in the femtosecond experiments. Insert: Sche-
within 2 ps!® Thus, transient changes of the carrier distribu-matic of the intersubband transitio {,: initial Fermi level of the

tion by intraband scattering processes should contribute telectrons.

-

Absorption (norm.)

o

FIG. 1. () Schematic of the in-plane dispersion of the=(1)
and (h=2) conduction subbands. Right hand side: daldlid line)
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strongly with the spectral position within the IS absorption

line. Complementary experiments probing=(1) valence- @) ] ™~

to conduction-band transitions provide independent insight r n=2 [—=

into the transient electron distributions occurring after IS ex- § n=1E —T = LEg,

citation. We demonstrate, to our knowledge for the first time, £ z il

that the dynamics of nonlinear IS absorption in the midinfra- 25 Leass

red is strongly influenced by the intraband redistribution of < o Tp ~202 meV

(n=1) electrons. 55 e R0 no0rd
In our experiments, we studied antype modulation- 545 * % 259 meV

doped multiple-quantum-well structure which was grown by (s‘j 0 pos. o0 Sted

molecular-beam epitaxy on an InP substrate. The sample

264 meV

consists of 50 Gg,4An54As QW's of 6 nm width separated £ — .
by 14-nm-thick Al 4dng 55AS barriers. The structures are Si < 10 ®)

S doped in the center of the barriers, resulting in an electron §

density of 1.5<10' cm~2 in each quantum well. The 3

steady-state IS absorption spectrum of this sample is plotted § 0.9

in Fig. 1(b) and is centered around 258 mévavelength 4.8 = 3 0o 2 4 6
um). Two different femtosecond pump-probe experiments 3 Delay Time (ps)

were performed at a lattice temperatureTef=8 K: (i) Part . . .
of the (n=1) electrons present by doping were excited to the FIG. 2. (@ Tlme-resolvgd changes of intersubband absorption
(n=2) conduction subband by a femtosecond midinfrareJor different photon energies of the pump and probe pulses. The

pulse overlapping with the IS absorption line. The resultingChange of transmissioAT/To= (T —To)/T (circles is plotted vs

. . the delay time between the midinfrared pump and probe pulses at
change of IS absorption was monitored by a weak delayefﬂe same spectral positiorT (Ty: transmission with and without

probg pulse of the same. Ph°t°” energy: I?ata were recordeeg(citatior). Solid lines: model calculations as explained in the text.
for different spectral positionk, of the midinfrared pulses, |nsert: pump-probe schem) Time-resolved population change in
as indicated by the arrows in Fig(ld. To enhance the in- the (n=1) subband as calculated from transient interband absorp-
teraction of the midinfrared pulses with the IS dipole mo-tion spectra. Ther(=1) population shows a depletion that rises
ment oriented perpendicular to the QW layers, a prism gewithin the time resolution of the experiment and recovers with a
ometry of the sample was us&d(i) Femtosecond IS time constant of 1.3 ps, the intersubband scattering time.
excitation was also applied in the second experiment. Here
however, near-infrared probe pulses monitor changes of th
interband absorption from thenE 1) valence subbands to
the (n=1) conduction subband to determine transient distri-
butions of (1=1) electrons. In such measurements, the

sample was put under Brewster angle in the pump beam Qlysqrption spectra were measured in the range of the
in-plane polarization. Pump and probe pulses were deriveg., _ 1) absorption edge around 0.955 eV. It is determined by
from a regeneratively amplified Ti:sapphire laser. Parametrighe pand gap of the QW’s and by the steady-state electron
frequency mixing provides midinfrared pulses of 130 fs du-gistribution that populates the bottom of the<1) conduc-
ration (bandwidth 14 meY*> The 100-fs probe pulses in the tjon subband up to the initial Fermi levEl, and blocks the
near-infrared(spectral width 13 me) were generated by corresponding interband transitions. In Fig. 3, the change of
spectral selection from a femtosecond white-light continuumtransmission at different delay times is plotted versus the
Excitation densities of about 15% of the total electron con-photon energy of the probe pulses. The mid-infrared excita-
centration were used in both experiments, as estimated frofion pulse was centered Bt,=260 meV, resonant to the IS
the respective sample transmission and spot size on thebsorption lindFig. 1(b)]. At 0.2 ps[Fig. 3(@)], a decrease of
samples. transmission occurs below the initial Fermi le¥gl, that is

In Fig. 2(a), we present results of the one-color experi-due to depopulation by the midinfrared excitation pulse. At
ment with midinfrared pump and probe pulses. The normaliater times, this signal increases and an enhanced transmis-
ized change of IS transmissiaiT/To=(T—Ty)/T, is plot-  sion is found abové, [Figs. 3¢)—3(e)].}* This bleaching
ted as a function of delay time between pump and probe fowhich is absent at early delay times gives evidence of an
three different spectral positiorts, (circles; T, T: sample  excess population of those higher lying={1) states by en-
transmission before and after excitaioAt E,=259 meV, ergetic electrons. Eventually, the transmission changes decay
an absolute value af T/Ty~0.1 is found. The solid lines are by electron cooling within 50 ps.
results of model calculations to be discussed below. At early In our experiments, IS excitation and subsequent relax-
delay times, we observe an increase of transmission that ris@sion lead to electron redistribution at constant density which
within the time resolution of the experiment and shows a fasgives rise to changes of both IS absorption in the midinfrared
partial decay during the first 2—3 ps. The signal at later delaynd of (W=1) interband absorption in the near infrared. We
times depends strongly on the specific spectral position. Afirst discuss the interband absorption spe(fig. 3), provid-
the center of the IS absorption lin€ (=259 meV, it re-  ing insight into the momentary distribution oh£1) elec-
turns to zero within 6 ps. In contrast, a long-lived bleachingtrons. Then, this information is used to analyze the nonlinear
is observed foE,=264 meV on the high-energy wing of IS IS absorption(Fig. 2).

ibsorption, whereas an induced absorption is found at
p=252 meV. These slow signals decay on a time scale of

The second experiment provides independent information
n the dynamics of (=1) electrons. Transient interband
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time constant of about 1.3 ps, in good agreement with di-
-~ N~ . .
g2} £ ] rectly measured IS scattering tine¥.
= lFO “:2_ e 1. Next, we discuss the transient changes of IS absorption
o0 aes = presented in Fig. @). Those are determined by the differ-
= L] Ffad LX ] . . . . .
—~ [ 3 =
~ ** (a)0.2ps Probe ence of the time-dependent electron distributions in the
< ) ﬁ\ (n=1) and (1=2) conduction subbands. Different parts of
c T /f\ the distributions dominate the signal at different spectral po-
2 0 feg wioa_col [ - sitionsE, within the IS absorption line, as can be visualized
£ %, (b) 0.4 ps (d) 2.0 ps with the help of the schematic subband dispersion in Fig.
< 1(a). The two subbands have different effective in-plane
E Lo /'\ masses and nonparabolicities. At photon energies on the
© Oreg e A 7t high-energy wing of the IS absorption lifiarrow E; in Fig.
2 | o, T ©08ps (€) 9.0 ps 1(a)], one preferentially excites and probes states close to the
5 ¢ minima of the two subbands. In contrast, IS absorption at
N R T small photon energie@rrow E,) is connected with optical
940 960 980 940 960 980

coupling of higher-lying states at largky values.
The depletion of §=1) states and the population of
FIG. 3. Transient spectra of the-type modulation-doped (n.: 2) states by IS eXCitation.I?ad to an increa.se ofIS trar.ls_
Ga 48Ny 53AS/AlG 48lNg 55AS MQW structure in the spectral range mISSIOD' At all Spe.Ctral positions, t.he magnitude .Of this
of the (n=1) interband transition after femtosecond intersubbanqbleaChlng IS proportlonal_to the _densny of absorbed |nfrare_d
excitation. The transmission chang@/T, is plotted as a function PNOtons and occurs within the time resolution of the experi-
of the photon energy of the probe pulses for delay timegp.2 ~ Ment. The subsequent time evolution depends strongly on the
ps, (b) 0.4 ps,(c) 0.8 ps,(d) 2.0 ps, ande) 9.0 ps(circles. The ~ SPectral position. At the center of the IS absorption line
bandwidth of the probe pulses is 13 méull width at half maxi- ~ (Ep=259 meV, the bleaching follows a decay kinetics simi-
mum). Solid lines: calculated spectra for hot Fermi distributions lar to the recovery of the overalh& 1) population plotted
with temperatures ofd) 180 K and(e) 70 K. Insert: pump-probe in Fig. 2b). Here, the probe pulses average over depleted
scheme of the experiments. (n=1) states below and transiently populated states above
the initial Fermi levelEg,, the contributions of which are of
After the decay of coherent optical polarizations in theopposite sign and roughly cancel each other in the overall
sample on a 100-fs time scdfethe change of interband transmission change. Consequently, the time-resolved
absorption is determined by the difference between the trarbleaching is mainly determined by IS scattering from the
sient and the initial distribution functions oh&1) elec- (n=2) to the f=1) subband. In contrast, the data recorded
trons. A detailed experimental and theoretical analysis ofn the wings of the IS absorption lineE(=252 and 264
transient o=1) interband spectra gives the following relax- meV) exhibit a different decay kinetics at early times and
ation scenario ofif=1) electrons? IS excitation induces a transmission changes that persist much longer than the re-
depletion of =1) states over the entire range from the covery of the =1) populationHere, the dynamics of non-
(n=1) band gap up to the initial Fermi levEl-,, which is linear IS absorption reflects both IS scattering and intraband
evident from the reduced transmission in the spectra at earledistribution within the(n=1) subband At E,=264 meV,
delay timegqFig. 3(@)]. The subsequent formation of a high- the long-lived depletion of population at the bottom of the
energy tail in the carrier distribution leads to an enhancemer(n=1) subband which is evident from the data in Fig. 3,
of this transmission decrease and a delayed transmission ifeads to a slowing down in the decay of the bleaching signal.
crease at energies abokg, at delay times between 0.4 and The much faster decay of the bleaching and the subsequent
2 ps. IS relaxation of f=2) electrons back to high-lying enhanced absorption Bf,=252 meV are caused by the tran-
(n=1) states and subsequent intraband redistribution of ersient excess populations on the high-energy tail of the
ergetic and formerly cold carriers by inelastic Coulomb scat{n=1) distributions. Both the high-energy tail and the deple-
tering represent the main mechanisms forming the hightion at the bottom of ther(=1) subband decay by carrier
energy tail in this athermal distribution. After about 2 ps, acooling on a slow time scale of several tens of picoseconds.
hot quasiequilibrium distribution of (=1) electrons is Our qualitative interpretation of the nonlinear IS absorp-
reached, connected with similar amplitudes of the transmistion is supported by model calculations. The in-plane disper-
sion decrease below and the bleaching alifug The spec- sion of the fi=1) and fi=2) subband was approximated
tra in Fig. 3d) and 3e) are well reproduced by a Fermi with an effective electron mass of 019§ and 0.065,, re-
distribution with a carrier temperature of 180 K and 70 K, spectively M,: free electron mass A k-independent IS di-
respectively(solid lineg. At even later times, the transmis- pole moment was used. The transient IS absorption at a
sion changes decay by carrier cooling within 50 ps. given transition energy was calculated from the difference
Quantitative information on the momentary overall popu-between therf=1) and (1=2) distribution taken at the spe-
lation of the fi=1) subband is obtained by spectrally inte- cific electron energy. Then=1) electron distribution was
grating the transient distribution function underlying the derived from the interband spectra in Fig. 3. Over the opti-
spectra of Fig. 3. The result plotted in Fig(bR shows a cally coupled range, then=2) distribution is assumed to be
depletion of the =1) subband by up to 15% due to fem- k independent and to decay with the IS relaxation time of 1.3
tosecond IS excitation. At later times, IS relaxation back tops. The solid lines in Fig. (3) represent the calculated ab-
(n=1) subband leads to a recovery of population with asorption change after convolution with the spectral profiles

Photon Energy (meV)



R17 346 STEPHAN LUTGENet al. 54

of the infrared pulses. The good agreement with the datdand. The transient depletion of states at the bottom of the

emphasizes the contribution of the< 1) intrasubband re- (n=1) subband and the formation of a high-energy tail in

laxation to the nonlinear IS absorption dynamics. the electron distribution lead to a bleaching on the high-
In summary, the dynamics of nonlinear intersubband abenergy wing and an enhanced absorption on the low-energy

sorption of electrons in Gguglng 55AS/Al g 4glN o 55AS vying of the IS ab;orption line, respectively. These abs_,orp—

quantum wells depend strongly on the spectral positiorfion changes persist even after the complete de_popu_lat_lon of

within the intersubband absorption line. The sign and thdh® upper subband and decay by electron cooling within 50

dynamics of the transmission changes are determined by°:

both intersubband scattering from tha={2) back to the We gratefully acknowledge support from the Deutsche

(n=1) subband with a time constant of about 1.3 ps as welForschungsgemeinschdFB 296 and from the European

as by electron redistribution processes within the lower sub€ommission through the ULTRAFAST network.
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