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Energy-dependent Huang-Rhys factor of free excitons
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We use quantum wells of the polar semiconductor ZnSe as a model system to demonstrate an energy
dependence of the excitonic Huang-Rhys factor. Both the spectral shape of phonon-sideband emission and the
intensity ratios of hot-exciton luminescence peaks yield identical results. We find that the Huang-Rhys factor
decreases rapidly from 0.31 for cold excitons to less than 0.10 for hot excitons with a kinetic energy of about
15 meV, which is consistent with theoretical predictions. This behavior of the Huang-Rhys factor is confirmed
to be independent of experimental conditions such as sample temperature and excitation wavelength. Previous
(energetically integratingexperiments yielding such dependencies can be interpreted in terms of the influence
of the exciton distribution.
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Optical properties of most semiconductors near the bangosed of slightly different centers. A recent experiment
gap are dominated by excitonic effects. Optical spectroscopyased on single-center detection achieves measurement of
being the most important method in studying the excitonicthe microscopic Huang-Rhys factor of individual centers
properties, exploits the coupling between the photon and thand, indeed, reveals the strong variationSdfom center to
exciton. Direct exciton-photon coupling without phonon par-Cente'Z- ) ) . .
ticipation leads to the appearance of a zero-phonon line In contrast to localized excitons, a f_ree exciton can mi-
(ZPL) in photoluminescencéPL) or absorption spectra. drate in the crystal. Th& of the free exciton thus describes
Phonon-assisted emission or absorption of photons by excil€ intrinsic property of the crystal itself, since the spatial

tons introduce several satellites beside the ZPL. In polar maistribution of the wave function is no longer dominated by
ny particular local potential environment. By studying the

terials, the ‘most dominant phonon-assisted process r%SB S of free excitons has been investigated in several
achieved by longitudinal-opticdLO) phonons. The result- experiment®-3! and one calculatio®? Although valuable

ing phonon sideban@PS has been widely used to study information has been deduced from these investigations,

ts??uc?&?gsertles of a number of important semlconductora similar problem as in the studies of bound excitons

. . . exists: A free exciton has a center-of-mass kinetic energy,
Generally, the intensity of thath order PSBJl,, is ré-  \yhich influences the spatial distribution of wave function
lated to that of ZPLJo, by and thusS The PSB originates from the recombination
. of excitons with different kinetic energies. Since the
—S—I 1) spectrally integrated intensities of the PSB were used in
n these investigations, the deduc&dis again an averaged
value of an ensemble composed of excitons with different
Heren is the number of LO phonons involve&.is called  kinetic energies. Since the kinetic energy distribution of ex-

In

Huang-Rhys factdrand defined as citons is sensitive to a number of experimental conditions,
such an average effect may lead to controversies, as summa-
- IV(q)|? (o [fizedin Ref. 2.
49 Eo In this article, we investigate the energy-dependent

Huang-Rhys factor of free excitons. By quasiresonant exci-
whereE, 5 is the LO-phonon energifor a recent review, see tation with a low density, we create well-defined nonthermal
Ref. 2. V(q) is the matrix element for exciton-phonon in- distributions of hot excitons in ZnSe quantum wells. The
teraction, withq being the wave vector involved. This matrix intensity and spectral shape of the PSB enable us to obtain
element, thusS is determined by the ionic property of the the energy-dependent Huang-Rhys fac®E,), with E, be-
lattice and the spatial distribution of the exciton wave func-ing the kinetic energy of the exciton. The additional dimen-
tion. For the excitons bound by lattice defects or impuritiession of energy provides us a deeper insight into this factor.
as well as that strongly confined in quantum dots, the distri\We find that the factor decreases rapidly with increagpg
bution of wave function is well related to the confinementThe experimental results are well consistent with theoretical
potential. Thus,S provides a quantitative description of predictions. We show experimentally that t8€E,) is inde-
exciton-phonon coupling property of these localizing statespendent of sample temperature and excitation excess energy,
By studying the Huang-Rhys factor, extensive informationE,,..ss We also confirm with the same set of data that$he
on properties of a large number of localizing centers in semimeasured by using thetegratedPSB intensity shows strong
conductors has been obtained However, in a typical PL artificial dependencies on temperature &g..; These ef-
experiment, one detects a large number of centers with diffects originate simply from the change of exciton distribu-
ferent detailed structures and surroundings. Thus, the med&en, thus the weight of the integration, by experimental
suredSis actually the averaged value of an ensemble comeonditions.
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FIG. 2. (Color online Huang-Rhys factor S as function of ex-
citon kinetic energy. Solid curve: measured by using the ratio be-

FIG. 1. Photoluminescence spectrum measured at a sample teff/€€n the two PSB’s. Squares: measured by using the HL peaks.
perature of 7 K. The photon energy of the excitation laser is 2.86042shed line: calculated by using Ed).
eV. This excitation condition corresponds to an excess energy of
45.9 meV and an exciton kinetic energy of 14.1 meV. at the high-energy limit of each PSB. It is located at twice
and three timeg, 5 (31.8 meV, measured by Raman spec-
The sample studied is a 140-period ZnSe/giSs o  troscopy below the laser-photon energy, respectively. Ac-
multiple quantum well with a well width of 7.3 nm and a cording to the above analysis, it originates from the first or
barrier width of 10.7 nm, grown by metal-organic vapor second order LO-phonon-assisted recombination process
phase epitaxy. The excitation source is a cw Ti:sapphire lasejf excitons right after the formation and before the first step
pumped by an Ar-ion laser and frequency-doubled by using &f relaxation. We adopt the generally accepted notation
beta barium borate crystal. The excitation intensity used foto call them hot-exciton luminescen¢eL) peaks, although
all measurements is below 1 kW/érto exclude the influ- actually the rest of the PSB except the part near the
ence of the carrier-carrier interactions. The sample is put intdow-energy limit also originates from hot excitons, but with
a helium-flow cryostat for low-temperature measurementsless energy.
The PL is dispersed by a double-grating spectrometer with a The PSB and PSB are used to deduce tt8E,). To do
0.75-m focal length and recorded by a cooled chargedthis, we define the onset of the PSEE, in Fig. 1) as its
coupled devicgCCD) camera. The overall spectral resolu- zero point of energy. The correspondifig, of the PSB
tion is about 50ueV. is Eyot ELo. With these definitions, the relative energy of
The excitonic dynamics in this kind of polar semiconduc-the photon in each PSEEp;— E;, for PSB, and Ep,— E
tor structure have been well understood through previousor PSB,, equals the corresponding kinetic energy of
experiments®~*® The laser photon with suitable energy excitons. In other words, the photon emitted in R$BSB;)
couples to electron-hole pair states in the excitonic conyith energy ofEp; (Ep,) originates from the firstsecond
tinuum. Then an exciton is formed through efficient order LO-phonon assisted recombination of excitons
LO-phonon emission. Since this exciton formation process igyith kinetic energy E, being equal to0Ep;—E;q (Epy
as fast as 100 fs, we can generate monochromatic and hOIEzo)- From Eq.(1) and taking into account these relations,
excitons with a kinetic energ¥e,=Egycess ELo- IN the e have
present experiment, we can choose the valué&,pin the
range of 2 to 20 meV by tuning the excitation laser wave-
length. The relaxation of the hot excitons is achieved by I 2(Epy— Epp)
acoustic-phonon emission and continues over several hun- S(Ew) = I(E——E) ©)
dred picosecond®. The fast-formation/slow-relaxation fea- rmpL o
ture enables us to generate a well-defined, tunable, and non-
thermal distribution of hot excitons under cw excitation atThe deduced5(E,) is plotted in Fig. 2 as the solid curve.
low temperatures, which is of crucial importance for measurWith increasingg,, we see a rapid decrease®iDecreasing
ing S(Ey). Eexcess the measurable energy range becomes smaller
Figure 1 shows a PL spectrum measured at a sample terand smaller since the PSB’s are getting narrower. But
perature of 7 K. The ZPL of exciton is observed at 2.8145the measurable parts overlap well with each othet shown
eV. The peak at the low-energy side of ZPL is attributed toin Fig. 2). Another way to measur§(Ey) is to use only
the direct recombination of charged excitons. The first andhe upper limit of the PSB'’s, the peaks Hand HL,, since
second order PSB's introduced by LO-phonon participatiorthe ratio between them reflects th#& of excitons with
are clearly visible on the low-energy part of the spectrumcorresponding value oE,. Tuning Egcess thus varying
(PSB, and PSB). A sharp peak (HL and HL,) is observed the spectral position of the HL peak, we obt&(E,), as
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FIG. 4. Integrated Huang-Rhys factor measured by using the
integrated intensity of PSB’s to demonstrate the artefacts obtained
in such experimentgA) The alleged temperature effect. The exci-

tation excess energy usedBso+ 14 meV. (B) The alleged effect
of excitation excess energy. The sample temperature is 7 K.

FIG. 3. (Color online First order(A) and second orde(B) mental r(_asults for cold exc_itons to. the persistence of static
PSB's measured at different temperatures and the deduced enerdiSorder in the sample, which can influence and localize the
dependent Huang-Rhys factof€). The sample temperatures for cold excitons. These effects may make this theoretical de-
these measurements are 8.2($0lid line), 17.5 K (long-dashed ~ Scription invalid here by, e.g., relaxing the momentum con-
line), 30.0 K (short-dashed line 42.5 K (dotted ling, and 52.3 K Servation for cold excitons.

(dash-dotted ling respectively. The S(E,) shown in Fig. 2 is important for PSB spectros-
copy on hot excitons. Typically, the second order PSB is hard
shown by the squares in Fig. 2. The result obtained with thigo be detected with a reasonable signal-to-noise ratio, espe-
method is well consistent with that by using the wholecially in temporally or spatially resolved spectroscopy. Thus,
PSB’s. the measure®(E,) provides a direct link between the mea-

It is difficult to calculate from first principles the absolute sured first-order PSB to the real exciton distribution. More
values ofS for free excitons in a particular structure. How- importantly, the additional energy dimension provides us
ever, itsenergy dependencean be obtained quite straight- deeper insight into the intrinsic properties of coupling be-
forwardly from the model established by PermogotoWe  tween excitons and LO phonons. This is quite different from
calculate the recombination rate of the first order LO-the typical experiments in which the energy-integrafeid
phonon-assisted luminesceri€gnd get the energy depen- measured, since the integration may average out the intrinsic
dence of theS directly from this rate since the rate of the features and lead to some artificial effects. As examples, we
second order LO-phonon-assisted recombination is indepeishow below how the experimental conditions, i.e., tempera-
dent of E,.%" This yields ture andEg,.ss influence the measurement.

Figure 3 shows the measured first-orday and second-
q(Ex—EL0) order (B) PSB spectra at different sample temperatures. In
« [1+(agq./2)2] 2—[1+(a /2)2]72‘ G cw experiments, the steady distribution of excitons is deter-
o9e 0% mined by the dynamical balance between laser excitation,
Herea, is the exciton Bohr radiugy is the wave vector of energy relaxation, and excitonic recombination. By increas-
the LO phonon,q.,=q(u/me,), where u=mem,/(m, ing the temperature, the energy relaxation rate is reduced due
+m,) and them., m, are the effective masses of electron to the enhanced acoustic-phonon absorption. This induces
and hole, respectively. The calculated result is shown in Figthe change of the hot-exciton distribution toward the high-
2 as the dashed line. For the excitons wEf>3 meV, the energy side, as clearly observed in FigAB). From these
calculated curve is in good agreement with the experimentadpectra, we deduce tHg&(E,) at different temperatures, as
results except for an unknown scaling factor. But for coldshown in Fig. 8C). The result shows clearly that this factor
excitons, the model predicts an infinitive large value. Weis independent of sample temperature. Although this fact is
attribute the discrepancy between the theoretical and experguite obvious from the definition of the factor, measurements

‘ 2

S(Ey)
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exploiting the integrated intensity of PSB can lead to artifi-mal distribution of hot excitons. This makes it possible to
cial temperature effects of integrat&l Figure 4A) shows measure accurately the energy-dependent Huang-Rhys fac-
this effect quantitatively. By using the integrated intensity oftor. We find thatS decreases rapidly with increasing the ki-
PSB of the same sample the measuBatécreases from 0.17 netic energy of the exciton, which is consistent with the the-
at low temperatures to 0.08 at 50 K. From Fig. 3, it is cleargretical predictions. The factor describes the intrinsic
that this effect originates simply from a change of the hot-properties of the coupling strength of the radiative transition
exciton distribution, thus a change of the weight for the in-tg the |LO-phonon polarization field and is independent of the
tegration. However, we note that the decrease of integ&ted sample temperature or excess energy of excitation. On the
with increasing temperature was generally observed in thiEontrary, the integrate8 typically measured in previous in-

,t('n? Oftﬁ)iﬁer'mffm.isieef'f e.?.,hRefs._26lé2M2|ch IS CONSIS-  yestigations shows strong effects on these experimental con-
ent wi e artificial effect shown in Fig.(A). ditions since these conditions influence the exciton distribu-

S”T“'ar to the _effect of s_ample temperature, ﬂE.g“?e.SS . tion. We confirm quantitatively that these effects are clearly
used in the experiment also influences the steady distribution

of excitons, thus the measured inegra@dFigure 48) o I 1 SHESEE TR L PR e O
shows the integrate® measured with differenEgycess A y ’ 9 '

pronounced decrease from 0.27 to 0.12 is observed when req in order to inves_tigation the intrinsic.properties of
change the initial value d, from 2 to 20 meV, being con- Semiconductors and their heterostructures.

sistent with the strong energy dependence ofSfas shown We acknowledge the growth of excellent samples by the

in Fig. 2. It is clear that such an artificial effect must be roup of M. HeukenRWTH Aachen. This work was sup-

excluded. This can be achieved by measuring the energy- :
dependen§ instead of the integratedl orted by the Deutsche ForschungsgemeinschBfG)

In summary, quasiresonant excitation with low intensit atWithin Grant No. Ka 761/10-1 and within project A2 of the
¥: 9 y IP_FG—Center for Functional Nanostructur@&-N).

low temperature enables us to generate well-defined nonthe
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