PHYSICAL REVIEW B 71, 073302(2005

Excitonic signatures in the photoluminescence and terahertz absorption of a GaAs/Aba;_,As
multiple quantum well

l. Galbraith’* R. Charil S. Pellegrinit P. J. Phillipst? C. J. Dentt A. F. G. van der Meef,D. G. Clarke? A. K. Kar,!
G. S. Buller! C. R. Pidgeort,B. N. Murdin? J. Allam? and G. Strassér
IPhysics, School of Engineering and Physical Sciences, David Brewster Building, Heriot-Watt University,

Edinburgh EH14 4AS, United Kingdom

°FELIX Free Electron Laser Facility, FOM-Institute for Plasma Physics Rijnhuizen, P.O. Box 1207,
3430 BE Nieuwegein, The Netherlands

3Advanced Technology Institute, School of Electronics and Physical Sciences, University of Surrey,
Guildford GU2 7XH, United Kingdom

“4Institute of Solid State Electronics, TU Wien, A-1040, Vienna, Austria
(Received 19 October 2004; published 10 February 2005

Measurements of the THz absorption and the time-resolved photoluminescence have been performed on the
same GaAs quantum well sample. The strength of the absorption at the intsfBpl ekciton transition
frequency is used as a measure of the density of excitons in the sample. When the interband pump laser is
resonant with the dexciton frequency, induced absorption at tfse2p frequency is clearly seen. If the same
density of carriers is created pumping in the continuum, no significar#plabsorption is seen in a time
window of 450 ps. Complementary time-resolved photoluminescence experiments, detecting the emission at
the exciton energy under the same pump conditions, show the PL intensity in resonant and nonresonant cases
to be similar. The counter-intuitive existence of luminescence at the exciton energy simultaneously with the
absence of thest2p absorption is consistent with the recent theoretical predictions of &ied., Phys. Rev.

Lett. 81, 3263(1998.
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Excitons, i.e., hydrogenlike bound states of electrons anthe measured terahertz absorption spectrum to determine the
holes, play a central role in the band-edge optical propertieBrmation time of excitons following nonresonant injection
of semiconductors. This is especially so in quantum wellof a density of 1é° cm™. They found that the £2p absorp-
systems where the confinement to two dimensions increaséi®n peak is fully developed after 1 ns and has a linewidth of
the exciton binding energy, and indeed in some materials tharound 2 meV. Another recent study by Chattefesxam-
1s binding energy can excedgT at room temperature. The ined deviations from the Kubo-Martin-Schwinger relation in
experimental measurement of exciton dynamics however iboth PL spectra and microscopic calculations to deduce the
often indirect and the photoluminescen&) at the exciton influence on the PL of both bound and unbound electron-hole
frequency is taken to indicate the presence of excitons witltontributions.
center of mass momenta within the light cone. One example In this paper we present both TRPL and terahertz absorp-
of this is the determination of the formation time of excitonstion results, and find that indeed PL at the exciton energy can
from a free carrier plasmia® be produced without the simultaneous coexistance o$-a 1

Recently, the intuitive notion that a peak in the PL spec-2p absorption, as predicted by KifaFirst we perform both
trum at the exciton frequency indicates a population ofresonant and nonresonant TRPL to measure the onset of PL
bound excitons in the light cone has been called into quesat the exciton energy. Second, under essentially the same
tion. Kira et al? studied a microscopic model of a plasma of excitation conditions, we directly detect the presence of ex-
unboundelectron-hole pairs, which included Coulomb corre- citons aroundK =0 by measuring thest2p absorption tran-
lations but not the possibility of formation of incoherent ex- sition using a far infrared free electron laser. From the time
citons. They found that within this model a sharp peak in thedependence of these two signals we can identify whether or
PL spectrum developed as the carriers relaxed to the bottomot there is a correlation between the PL signal and the pres-
of their respective bands. Support for this view was obtaine@nce of an excitonic population aroukd=0.
by Oestreichet all° who traced the electron-hole exchange The sample is a GaAs/AlGaAs multiple quantum well
energy in photoexcited quantum wells as a function of magwith 120 wells of 6.5 nm width. The barrier width is 8 nm.
netic field. They observed a gradual change from excitons tdhe GaAs substrate was chemically etched to enable trans-
a free electron-hole plasma as the excitation power is inmission measurements which show clear heavy and light
creased from 4 mW to 20 mW but saw at all powers the PLhole exciton absorption peaks at 1.594 eV and 1.615 eV, re-
emission at the magnetoexciton line. spectively (Fig. 1). All experiments reported in this paper

As time-resolved photoluminescen€€RPL) is a very  were performed in a continuous flow helium cryostat at 4 K.
widely used technique it is essential to understand the rela- The TRPL measurements used a microscope based
tionship of an electron-hole gas to its emitted spectrum anéhstrument® with two passively Q-switched picosecond
hence the inferences which can be confidently drawn fronAlGaAs lasers providing for resonant or nonresonant excita-
the photoluminescence. In a recent paper Kaindl 8tused tion. The laser beam was focussed on the sample to a roughly
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E =8.3lmeV ' 7100 ps both resonant and nonresonant dgcays are essen-
— e 1 tially equal. The area under the resonant spike contributes a
negligible 6% of the total PL counts. We have fitted the
nonresonant TRPL time profile with the sum of two expo-
nential contributions, a rise of 160 ps for the buildup of the
necessary conditions for PL at the exciton frequency and a
_ 3 ns decay for the emission process itself. Measurements
were also done at a range of fluences from 0.5 to 2 times the

1 value for the data presented here. The risetime of the TRPL
Ti:sapph Excitation,/_\_l was found to be unchanged in this power range.

We now consider the interband/intraband pump probe

measurements. In contrast to the interband optical properties
TRPL Excitation /\ 1 of semiconductors which are relatively well understdsee,
N R YT ey 6o e.g., Refs.. 15-17 and referenpes thereithe theor_y of
photon-excited intraband transitions has been studied much
less extensively. An equilibrium Green’s function approach
FIG. 1. Linear absorption spectrum of the samf@ilpper solid has been developédl,but at high densities the theory be-
curve. Also shown are the spectra of the interband pump pulsescomes intractable, and at low densities it reduces to a simple
The dotted line depicts the spectrum of the bandpass filter used ikermi’s golden rule result. More recently, results on the THz
the TRPL. absorption of a sample in a photonic environment have been
obtained using the equation of motion for four point exci-
circular spot of 14um diameter, the pulse duration was tonic correlationg?2° One can obtain useful information on
~15 ps. The pulse spectra are shown in Fig. 1. The detectahe THz absorption spectra from a calculation, based on Fer-
was a developmental, actively quenched single photon avani’s golden rule for an ensemble o§ &xcitons. We include
lanche diode(SPAD).}* The setup uses the time-correlated transitions from a population ofslexcitons to allp states,
single photon counting technique, and the TRPL overall intoth bound and continuum. Transitions to other states are
strument responsgfull-width at half-maximum (FWHM)  forbidden by conservation of angular momentum. The re-
~100 pqg is shown in Fig. 2. Photon energy discrimination quired two-dimensiona(2D) excitonic wave functions are
of the nonresonant PL was provided by a combination ofvell known!® and the THz absorption coefficient is then
interference filters which gave a narrow passband at the ex-
citon PL energy of 1.593 ngee Fig. 1 Cgre was taken to arpz(w) = ag(w)[Sp(w) + O(fw/Egy)Sc(w)],
minimize the reflected signal of the pump laser by using

E o= 36 meV

Sample and TRPL filter absoption

Energy (eV)

obligue incidence and a knife-edge as a beam-block. A po- 1w | (n-1252n-1)°
larizing beam splitter in front of the detector further reducing Sglw) = 52 n2n+3
the back scatter from the pump. Using measurements of the n=2

pump spectrum and the optical density, the pump fluence was ho 1
adjusted to give a carrier density f2x 10° cm for both X 5<E_ -4+ mﬂ '
resonant and nonresonant pumping. Ry
The TRPL results are shown in Fig. 2. For the resonant
case there is some breakthrough of the pump laser but after
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so0l- . 2 Non-resonant B Here, Sg is_ due to transitilolns between.ths and boundp
2 * .. i states,S¢ is due to transitions to continuum stategw)
g - - “ﬂ““’—'ﬂ—nu”f..”-:‘;}:..nsim_fu‘;ﬂ 1 =mne?agw! (8EryNgC), No is the exciton densitye the
S oon o oded et e cha.rge on an electrorag the exuton Bohr radlusERy the
i A i *0T0 aaete, exciton Rydberg and the speed of lightF(a,b;c;2) is the
| ’ hypergeometric functior)(x) is the Heaviside step function
500 : - and K(w)=(fiw/Egy)—4. We note that as in the interband
E case, the absorption due to transitions to excitostates
! | merges smoothly into the continuum at the band edge.

s T B T s 000 We show in Fig. 3 the results of our calculation for a
variety of phenomenological broadenings. The energy scale
has been adjusted from the pure two-dimensional value to
FIG. 2. TRPL counts at the exciton frequency as a function ofaccount for the finite well width in the sample. There is a
time and the instrumental response profiles. The dashed line is gharp resonance at the-2p energy for FWHM broadenings
biexponential least squared fit as described in the text. below about 1 Rydbergapproximately 4.5 meV in GaAs

Time (ps)
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FIG. 3. Theoretical TH; absorption spectrum.of an ensemble of :!f_'_..;‘_%_._‘,h".:aﬁ._.;_vf._.o‘.‘._..*’ *?':{..‘,'_:;._,:o“:_?‘:”‘_:’,,.__._. IR -
GaAs quantum well 4 excitons for a range of different broaden- .
ings. The linewidth quoted refers to the FWHM of a single absorp- | | | @
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FIG. 4. Transmission change of the FIR probe pulse as a func-

We expect the inhomogeneous broadening of th@d peak tion of pump-probe delay. The pump is tuned(@t 1.560 eV (be-

due to well width fluctuations, etc., to be less than that of th%w resonanck (b) 1.596 eV(on resonande (c) 1.658 eV(above
e_‘xcnon features |n.the |r_1ter.band speptrum, as such ﬂucm%’esonanc)e The traces have been offset vertically for clarity.
tions alter the exciton binding energies less than the ban

gap. This is confirmed by broadband THz measurements ias there is strong water absorption at these wavelengths. The
which a FWHM linewidth of around 2 meV was found for a spectral width of the pump pulses was 10 meV.
similar system of 50 quantum well perio#fsThus we can It is important, in order to meaningfully compare the
reliably use the induced absorption at the2p transition  TRPL and the pump-probe results, that the number of pho-
energy as a signature of the presence of bound states in thgexcited electron-hole pairs be the same in both experi-
electron hole plasma. ments. In such short pulse experiments the carrier density is
The two-color pump-probe absorption measurementsletermined by the fluence and thus the laser power at the
were performed at the Dutch Free Electron Laser Facilitysample was adjusted to have the same fluence in both the
(FELIX) with a 100 fs, 75 MHz Ti:sapphire laser as the tun- pump-probe and TRPL experiments thereby generating the
able excitation source and the free electron laser as the fagforementioned pair density ef2x 10° cmi 2,
infrared(FIR) probe. The Ti:sapphire laser was electronically We characterized thesI2p transition by measuring the
synchronized to the free electron ladeIFELIX operates transmission change of the FIR pulse as a function of the
with macropulses of typically 4s width at a repetition rate delay between pump and probe for various values of the
of 5 Hz. The macropulse consists of a train of micropulsesinterband pump photon energy. The probe wavelength of
each with duration 15 ps, and with a pulse separation o50 um (8.3 meV, 2.0 THxwas chosen at the center of the
40 ns. The repetition rates of the probe and pump pulses afks-2p absorption line. As can be seen in Fig. 4 when pump-
in the ratio 1:3 but every probe pulse overlaps in time with aing at 1.56 eV, well below the interband exciton peak, no
pump pulse. To reduce the effect of probe pulse fluctuationshange in transmission was seen. This null result is an im-
an identical reference was taken from the probe beam with portant one as it confirms that residual coherent interactions
beam splitter, delayed by 20 ns and recombined colinearlglo not give rise to a measurable signal. When pumping di-
with the probe. The reference pulse passes through the samectly into the exciton resonance, curi®, a strong induced
part of the sample but arrives 6.7 ns later than the previouabsorption was seen immediately after the pump pulse. This
pump pulse(by which time the PL from the sample has reflects the creation of geminate excitons and their subse-
almost completely decayed, see Fi@. Ry reversing the bias quent excitation by the FIR pulse from the tb the 2 state.
of the probe detector at 50 MHz the time-averaged output oThis induced absorption was long-lived, showing little decay
the detector was thus balanced to zero unless the pump pulsger the 500 ps window afforded by the FEL setup, consis-
causes a change in the transmission of the probe pulse relgent with the decay seen in the TRPL.
tive to its reference cop’? As shown in curve(c), with the pump energy tuned to
The pump beam and the probe/reference beam were fd-658 eV as in the TRPL experiment, the absorption change
cussed on the sample with fa=7.25 cm parabolic mirror becomes very small with no delay in the onset of absorption
resulting in spot sizes of 80@m and 900um, respectively. within the accuracy of the experime#=7 ps. Neither is
An 800 um aperture was placed close to the sample to enthere any measureable evolution of the induced absorption
sure full overlap of the pump and probe beams at the sampleluring our 450 ps measurement window. Tuning the inter-
The probe and reference pulse fluences at the sample wepand pump between curvéb) and(c) in Fig. 4 resonantly
estimated to be 3J cm™2 each. The sample was cooled in a excites a significant fraction of light hole excitons which
continuous flow helium cryostat and the whole experimenicomplicates the interpretation and we do not address these
including the cryostat was set in a box purged with nitrogenmeasurements here.
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We now discuss the conclusions we can draw from Figs. 2educed by a factor of at least 10 compared to the resonant
and 4. The main observation lies in the discrepancy betweecase which is not what is observed. We conclude from this
the TRPL and the FIR transmission measurements well aftehat the PL we are detecting at the exciton energy in the
the pump pulse. For the TRPL detected at the exciton energponresonant pumping case arises from the majority of the
both resonant and nonresonant signals are essentially equajected population and not from a small fraction thereof.
after =100 ps, whereas the induced absorption at thpl Our observations are consistent with the proposal of Kira
energy is at least eight times larger for resonant than foet al? that uncorrelated plasma terms provide a source for PL
nonresonant pumping. Thus the PL at the exciton energy angk the exciton energy.

FIR transmission at thes12p energy cannot both be reliable Further support comes from the 160 ps risetime of the
signatures of the presence of gxcitons within the light TRPL in the nonresonant case. No such rise is seen in the
cone. nonresonant, induced absorption signal which appears

Previous TRPL measuremehissuggested that after non- promptly with the pump pulse. Thus this TRPL rise, which is
resonant excitation, hot excitons with a finite center of masgyiey interpreted as the formation time of excitons in not

momentum are created ir20 ps by emission of an LO  5ccompanied by a concomitant rise in the FIR induced ab-
phonon. These dark excitons then slowly relax along the €Xsorption at the &2p energy.
citon dispersion via acoustic phonons to e 0 state from The residual prompt absorption seen on cuwjef Fig. 4

where PL emission occurs. In a simple picture such excitong,ay have other contributions which are difficult to separate.
would induce an FIR absorption regardle§s of their cgnter 0Hne contribution will come from Drude-type free carrier
mass momentum and would hence contribute to the inducegyhiriputiona?! and a second fromsi2p transitions of light

absorption signal seen in the nonresonant pumping measurgg|e excitons which have been populated from the tail of the
ment. A more detailed examination shows that tee2fh en- pump spectrum via LO-phonon emission.

ergy is itse4|f_ dependent on the exciton center of mass | conclusion we have provided experimental evidence in
momentun?*increasing by about 1 meV in our case. Given gnnort of the remarkable prediction of Kieaal, that PL at

thz_at, the FIR probe is no longer fully resonant with this tra,”'the exciton energy may be obserwsilhoutthe existence of
sition, from our measurements we cannot make any firny, excitonic population & =0.

conclusions about the formation or otherwise of such hot
excitons. However we note that hotexcitons, having a large The authors gratefully acknowledge the support by the
center of mass momentum would in any case not contribut&tichting voor Fundamenteel Onderzoek der Materie (FOM)
to the measured PL. in providing the required beam time on FELIX and appreci-
The residual absorption seen on curie of Fig. 4 is ate the skillful assistance by the FELIX staff. The
about 13% of the signal in the resonant case. This could aris®-switched laser diodes were supplied by E.L. Portnoi and
from the 1s-2p transitions of any nongeminate heavy-hole co-workers, A.F. loffe Institute, St. Petersburg. The actively
excitons formed from the plasma. These may be either withimuenched SPADs were used by agreement of S. Cova and
the light cone around& =0 or, more likely, distributed over co-workers, Politecnico di Milano, Italy. This work was sup-
the exciton dispersion. By comparison with the resonant sigported by the Engineering and Physical Sciences Research
nal the total population of such excitons would be aroundCouncil of the United Kingdom and in part under the Access
10% of the injected population. However, were this to be thao research infrastructure action of the Improving Human
case, we would expect the PL intensity to be accordinglyPotential Programme of the European Union.
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