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Acoustic phonon broadening mechanism in single quantum dot emission
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We study the effect of the exciton-acoustic-phonon coupling on the optical homogeneous line shape of
confined zero-dimensional excitons and discuss the connection with the so-called pure dephasing effect. On
increasing the temperature, the line shape progressively deviates from the expected Lorentzian profile, with the
appearance of low energy acoustic-phonon sidebands. The non-Lorentzian line shape and its temperature
dependence are theoretically modeled on the basis of the lattice relaxation due to the exciton-acoustic-phonon
coupling. This gives a precise description of the underlying mechanism which controls the exciton dephasing.
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The linewidth of an optical transition is well known to be which controls the exciton dephasing and imposes the real
inversely proportional to the lifetime of the radiative state. Inlimits to the optical properties of single QD’s emission.
solid crystal, with increasing temperatuneglasticscattering The observed physical effects are not specific to the quan-
of the exciton by optical or acoustic phonons reduces théum dots themselves, but are general to all strongly localized
exciton lifetime and broadens the excitonic Ih&n such a  excitons, whatever the system. For the present study the
mechanism, the corresponding loss of population of the rasample consists of a nominally 6.5 monolayer CdTe structure
diative state induces a loss of phase coherddephasing embedded in ZnTe barriers, grown by atomic layer epitaxy.
that can be measured by four-wave-mixing experiments. Confinement of excitons in QD’s in these structures is evi-

The quantum dofQD) system was thought to be very denced by the observation of sharp excitonic lines by micro-
insensitive toinelastic scattering by low energy acoustic photoluminescence {-PL) spectroscopy. The single QD
phonons because of the absence of suited states between #feectroscopy is performed through small apertures in an
QD discrete energy levelbottleneck effegt However, pre- opaque 100 nm thick Al film deposited on the sample sur-
vious studies of single QD lines have shown the persistenctace. The spatial resolution, defined by the size of the aper-
of some significant dephasing despite this bottleneck effectture, can reach 0.2am. The sample is excited by the 488
On the other hand, simultaneous measurements of them line of an Af laser and the PL is detected through a
dephasing and the population decay for localized excitons imicroscope objective. The spectral resolution of the experi-
narrow GaAs quantum wellQWSs’) show that, with increas- mental set up is about 70eV.
ing temperatureglastic interaction with acoustic phonons Figure 1 shows the PL spectra of a single QD as a func-
also contributes to dephasifgsuch a loss of phase coher- tion of temperature and normalized to the integrated inten-
ence that is not related to a population relaxation is callegity. At 5 K, the emission peak presents a Lorentzian profile
pure dephasingUsually, pure dephasing is treated using anwith 180 peV linewidth. With increasing temperature, the
additional phenomenological phase damping linearly proporemission peak shows a redshift and a quenching of its inten-
tional to time? that straightforwardly leads to a Lorentzian sity with an activation energy of about 13 meV. The main
line shape for the homogeneously broadened trangitidnis ~ feature that we will discuss is the observed temperature de-
corresponds to assuming a so-called Markovian process fgrendence of the emission line shape. Surprisingly, on in-
the elastic exciton-phonon interaction. creasing the temperature, the PL line shape deviates from a

In this paper, we show that thislastic exciton-phonon Lorentzian: a broad background appears on both sides of the
interaction in the low temperature range can no longer beentral line. We assign the central line to the excitonic zero-
described by a single dephasing rfbe a simple full width  phonon line, and the broad background to a coupled exciton-
at half maximum(FWHM)] as usuaf* This is evidenced by acoustic phonon bang@idebands as discussed later. At high
the special temperature dependence behavior of the linemperature, the zero-phonon line disappears in the phonon
shape of CdTe QD’s emission: the zero-phonon line and itsidebands. As a consequence, the FWHM of the lumines-
acoustic phonon sidebands are distinctly observed due to @nce line(Fig. 2 shows a striking behavior. It first corre-
suited phonon coupling strength. These two components afponds to the linewidth of the zero-phonon line and increases
the emission line are well described by a theoretical modeslowly below 30 K. Then it includes the phonon sidebands
that considers recombination from stationary eigenstateand increases very abruptlgee inset of Fig. 2 fof =30 and
formed by the mixing of the discrete excitonic states with the45 K).
continuum of acoustic phonons. This allows us to give new We first consider the zero-phonon line. The usual lifetime
insights into the acoustic phonon broadening mechanismbroadening mechanism can account for the slow increase of
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FIG. 2. Temperature dependence of the exciton PL line FWHM.

FIG. 1. PL spectra of a single QD, normalized to the |ntegrated.|_he linear fit at low temperaturéesolid line) gives a slope of 1.5

intensity, as a function qf the temperature. With increadingide-  ,eVK-1 Insets show PL lines measuredTat 30 and 45 K. The
bands appear progressively around the central zero-phonon lin

The inset shows the evolution of the integrated intensity with tem-Ine shap_e strongly d(_ewates from a Lorentzian proféelid line) .
o L and the sidebands which appear around the central zero-phonon line
perature. The fit gives an activation energy of 13.2 meV.

progressively control the FWHM.

the linewidth below 30 K. Both exciton radiative recombina- . 1 N

tion and the phonon assisted transitions to higher energy ex- H=Eqcc+ >, ﬁwa( bgbgt 5 +cfe Mg(bg+Dg),

citon states contribute to population decay. While the radia- q q 1)

tive lifetime is nearly constant, acoustic phonon scattering

increases with the temperature, broadening the transition. lyherec' and bg (c andb;) are the creatiorfannihilation

2D QW's, where a continuum of excited states is availablegperator of the excitorfwith energyEy) and the phonon

this broadening is linear wi_th temperature. In a QD, due to aNyith momentumg and energyiwg), respectively. The first

absence of f|naI. states W't,h a suitable energy, the phonoN/vo terms of the Hamiltonian are the contributions of the

induced population decay is reduced and a lower thermal,citon and phonon populations to the energy of the system.

broadening is expected. The thermal broadening measureghe |ast term is the exciton-phonon interaction characterized

in the QD (1.5 ueVK™) is indeed smaller than the py the matrix elementd . The ground state of the system

one reported for a 18 A CdTe/ggZnyisTe QW (3.5 s the lattice with a phonon bath. The excited stae, with

peVK1)."8 the presence of the excithrdue to the exciton-phonon in-
Now, to describe the exciton-acoustic phonon band ongeraction, is no longer a pure exciton state decoupled from

must consider the mixing of the exciton with acoustic pho-the phonon modes, but contains an admixture of phonon

non modes. To do that we extend the Huang-Rhys theory afigenstates.

localized electron-phonon interactidrio the exciton system In the limit where off-diagonal elements ibl; can be

in a QD. In this model, we no longer consider the exciton-ignored, the Hamiltonian in Eq(l) can be diagonalized

phonon interaction as a perturbation, but take into accourgnalytically’® This neglects mixing with the excited elec-

the new eigenstates resulting from the coupling of a discret&onic states of the QD, and is valid when the thermal energy

excitonic state with the continuum of acoustic phononsKsT is smaller than the relevant electronic level spacing. The

Transitions from these new eigenstates give rise to theoupling between the exciton and each phonon nptieen

exciton-phonon band. The general Hamiltonian for a coupleagthanges the equilibrium lattice position and shifts the exciton

exciton-phonon system is written as energy by the temperature-independent polaron endrgy
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wherep; is the number of phonons in the modginvolved

E . in the optical transition.
Lsaao™ \ / To calculate the matrix elemeM ; and transition prob-
’ P abilities, we make the following assumptiorts. As shown
: ) o by Takagahard® the dominant interaction term between

electrons and acoustic phonons arises from the deformation
potential coupling to the longitudinal acousticA) phonon
mode. So, we neglect both the interaction with transverse-

1.0x10™°+ ' ! Eo acoustic modes and the piezoelectric couplifig. In self-
- ' assembled QDs, such as our CdTe/ZnTe system, the elastic
o) ! \ / properties of dot and matrix material are not much different,
o and thus the bulk-like acoustic-phonon modes can be used as
"‘ Lattice-displacement a zero-order approximation by contrast to nanocrystal GD’s.
5.0x10 ™ coordinate The acoustic-phonon spectrum is then taken to be the Debye

spectrum w(ﬁ)=usq, where ug is the angular averaged
sound velocity of the LA mode.

N T j’o m With these assumptions, the diagonal matrix eleniégt
§=4.0 nm for an exciton statéX) is given by?
AN &:5.0 nm
o1 2 3 4 5 6 7 L . .
Ao (meV) Ma=\ 5,05 (De(XIE9T4X) =D (X X)), (@)

FIG. 3. Calculated coupling constagfq) as a function of the

phonon energieﬁwq:husq, The inset shows the energy of the where D. (Du) is the deformation potential of the conduc-

exciton-phonon system for a given phonon magia the configu-  tion (valence band,p the mass density, andthe quantiza-

ration coordinate space. Parabolas are the harmonic potentials of then volume.

lattice in the initial and final states of the excitonic transition with  We consider that the confinement is stronger in the

(solid line) and without(dotted ling the exciton-phonon coupling. growth direction. The weaker QD lateral confinement can be

Vertical arrows labeled a, b, and c are examples of recombinatiogonsidered as isotropic, since no exchange splitting is ob-

processes corresponding to a zero-phonon contribution, one phon@gryved for the confined exciton investigated Herdle

emission and one phonon absorption, respectively. choose to describe the localized stg% by a quasi-two-
dimensional exciton wave function with a Gaussian distribu-

=M§/hwa=g&~ﬁw&. This equation defineg; the coupling tion for the center of mass motion characterized by a local-

constant of the exciton with the phonon modeAs illus-  Zation length parqmeteg_m The in-plane electron-hole
trated in the inset of Fig. 3, due to the shift of the equilibrium cOrrelation is described by an exponential function with a
position when the exciton recombines, optical transitions aréinglé variational parametevo. This simple wave function
now allowed between states having different phonon occulfads to approximate analytical expressions for the matrix
pation numbers, and occur with absorption or emission oflément(4) (see Ref. 18

phonons. Since an isotropic dispersion relation is considered for the
The probability that the optical transition involvgs LA Phonon mode, each mode can be characterized by its
phonons is given by wave vector modulug or by its energyh w,. We can then
defineg(q), the exciton-phonon coupling constant integrated
. pi2 over all directions ofy. In Fig. 3,g(q) is plotted for different
ng+1

q

Nq

e %@+t D] [2g.\na(ng+1)], (2) localization lengtht in the extremely 2D(flat doy caset?
The parameter values used in the calculation Bge- —5

) eV, D,=1 eV p=551 gcm?, us=4.0<10° ms 1,1®

where ng=[e"“a’eT—1]"" is the Bose distribution and anda,=42 A , which is obtained by a variational calcula-

I ,(2) the imaginary argument Bessel function. Each value ofjon.

p gives rise to a discrete line with height, on each side of Figure 3 shows the main characteristic of the exciton-
the zero-phonon transition. The transition probabilini phonon coupling: the wave vectgrof phonons, which can
of a set ofN discrete phonon modeg with energyf wg, intera_ct significantly with the Iocglized exciton_, is.limited in
lead to the spectral shape function: magnitude to about twice the inverse localization length,

with the strongest coupling whea~ 1/¢. That is, phonons
o with energies greater than aboukZ ug/¢ (=2 meV in our
I(hy)= E W, W, 8(hv—Eg+prhwg + - case contribute very little to the exciton dephasing. This
pipy L PN i means that for large QD@arge¢), the exciton-phonon band
narrows and is masked by the width of the zero-phonon line.
+pNﬁqu)' (3) Moreover, the coupling constagt(q) decreases when the
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localization lengthé of the exciton increases. Both these ef- T

fects impede observation of the exciton-phonon emission 31 (b) Calculated Spectra 1
(¢ = 4.0 nm)

band for large QD'’s.

In Ref. 5, the optical linewidth in semiconductor nanoc-
rystals was calculated using a single effective phonon mode
for the confined acoustic phonons. Such an approximation is
too rough to reproduce the line shape we observe. We ap-
proximate the continuum of acoustic phonons by a setl of
discrete effective phonon modgs, each modej; represent-
ing a band of efficiently coupled phonons with a total cou-
pling constangg,. In this discrete multimode description, the

integrated coupling parametgr= 2idq, is conserved. To get

finally the spectral shape, we replace the discrete phonon
peakq ¢ function in Eq.(3)] by Lorentzian with the homog-
enous linewidth of the zero-phonon line. This is a direct
application of the Condon approximation which neglects the
dependence of the exciton wave function on the configura-
tion coordinate.

In Fig. 4, we compare the experimental PL peaks of a
single QD normalized to the integrated intensity with the
calculated spectra. For the calculatioN,=12 effective
modes were defined, and only 0, 1, and 2 phonon processes
in the summation of Eq3) are necessary to account for the 0F . .
experimental data. A good agreement is found between ex- 2024 2026 2028 2030 2032 2034
perimental results and the calculated line shape for a local- Energy (meV)
ization length parametef=4 nm, which corresponds to a
characteristic lateral QD size of about 9 nmé&(2 In2). FIG. 4. (a) Experimental single exciton PL spectra, normalized
Despite the large uncertainty in the parameter values used t the integrated intensity, for different temperatugés Calculated
the calculation(especiallyD, and D,), both the relative spectra with a localization length parameter4 nm. For clarity,
magnitude and the shape of the calculated exciton-phonothe energy positions of the calculated spectra are set to the experi-
band are in good agreement with the experimental spectraental values.

At higher temperature, namely 50 K, the difference seen be-

tween the calculated and experimental line shape can be dyg,ich gives rise to the exciton-phonon band surrounding the
to two reasons. First, thg optical transition involving MOrear0-phonon line. In this exciton-phonon coupling model, the
than two effective acoustic phonon modes should be takepre dephasing mechanism can be viewed as a loss of phase
into account at high temperature. Second, the off-diagongloherence within the mixed exciton-phonon state, which is
matrix elementsVl; are no longer negligible when the ther- g 5erimposed on the conventional loss of phase induced by
mal energy approaches the exciton level Spaé'ﬁ@a"y, let  the excitonic population decay. The characteristic tempera-
us note that in the temperature range consideupdo 60 K re dependence of the emission line profile shows unam-

scattering with optical phonons is not efficient. biguously that the usual description of pure dephasing by a

To conclude, the lattice relaxation treatment of thejinear phase damping breaks down for zero-dimensional ex-
exciton-acoustic phonon coupling accounts for the homogegijigns.

neous emission line shape for single QDs: as the temperature
increases, the coupled exciton-phonon state can recombine This work is part of the CEA-CNRS joint research pro-
together with a change in the phonon occupation numbergram “Nanophysique et Semiconducteurs.”
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