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We report on the observation of asymmetric phonon sidebands on both the exciton and biexciton emission
lines in single GaAs monolayer fluctuation quantum dots. The contribution of phonon sidebands to the emis-
sion line is larger for the biexciton than for the exciton. We model the exciton line shape by means of a
nonperturbative coupling with acoustic phonons and show that energetic confinement is an important clue to
understand why phonon sidebands are sometimes observed and sometimes not. Finally, we discuss the exten-
sion of our model to the biexciton case.
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Semiconductor quantum dot®D’s) behave in many as- phonons is even more important than in the exciton case.
pects similar to atoms with a spectrum which can be to aMoreover, phonon sidebands on the exciton line have never
large extent artificially designed. Due to their reduced di-been reported on monolayer fluctuation QD’s. We extend the
mensionality, usual solid-state decoherence processes are éxdang-Rhys model describing the coupling between acoustic
pected to be inefficient so that QD’s attract much interest irphonons and electrons to the case of an exciton localized in
solid-state quantum optics and qubit generatio@D’s @ monolayer fluctuation QD. The calculated line shapes are
formed at an interface fluctuation of a quantum well are parin perfect agreement with experimental ones for various
ticularly attractive structures to this extent: they are expecte@D’s, with different confinement energies and for different
to present a much larger oscillator strength than selftemperatures. The only parameter of the model is the QD
assembled QD¢ This makes them very good candidates forlateral size, which we deduce from microphotoluminescence
observing exciton-photon strong-coupling reginoe deliv-  excitation (u-PLE) measurements. We then discuss the ex-
ering Fourier transform limited single photofigve have re-  tension of our model to the biexciton.
cently demonstrated that single-photon emission can be trig- The investigated sample consists of a nominally 10-
gered from a single GaAs monolayer fluctuation ®D. monolayer GaAs quantum well embedded i AGa sAS
Moreover, exciton and biexciton coherent control on mono-arriers. The detailed description of the sample growth and
layer fluctuation QD’s has recently been demonstrafeeh-  its optical characterization can be found in Ref. 4. To per-
abling the realization of an all-optical quantum ghte. form single QD photoluminescence spectroscopy and in-

In solid-state physics, carrier-phonon interaction is an im-crease the collected signal, QD’s are isolated in microdisk
portant cause for loss of coherence. However, in QD’s, as thetructures with diameter around2m. The sample is placed
discrete excitonic states are separated by several meV, tlie a cold-finger helium flow cryostat which allows to vary
interaction with phonons was expected to be drastically rethe temperature betweé K and room temperature. Micro-
duced. This led to the theoretical prediction of a phononhotoluminescenceq-PL) measurements were performed in
relaxation bottleneckand suggested that the QD dephasingthe far field using a microscope objectifrumerical aperture
time would only be limited by the radiative lifetime at low 0.4). The nonresonant excitation bedentunable cw Ti:sap-
temperature8.These ideas have stimulated considerable inphire laser with excitation energy around 1.75) é/focused
terest in investigating the homogeneous spectral linewidth ofn the sample with a spot size of aboup2n. The same low
QD’s8 ' Even if radiative limited linewidths of the order of excitation power €30 W/cnt) is used for all QD’s in order
few tens ofueV have been reportéd® most of the time, a  to avoid heating by laser irradiation. The emission, collected
larger broadening is observed which is not fully understoodby the same objective, is dispersed by a double grating spec-
Several theoretical and experimental investigations have rdrometer. The signal is detected either by a-ddoled Si
cently shown that the degrees of freedom for the lattice andharged-coupled device camera fofPL or by a low-noise
exciton may no longer be treated separately. Indeed, strongi photodiode fou-PLE. The spectral resolution is Q0eV.
coupling regime between electrons and optical phonons has We study the photoluminescence emission from two
been demonstrated in InAs self-assembled GB'More-  QD’s, namely, QD1 and QD2, presenting different confine-
over, a nonperturbative regime between acoustic phononsent energies, as we discuss hereafter. The emission of both
and excitons has been evidenced in 1I-VI QIRef. 13 and  QD’s gives evidence for a biexcitonic state, which we iden-
nanocrystaf¥ appearing as sidebands in the line profile.  tify by power dependent measurements. Further confirmation

In this paper, we report on the observation of a non-of the assignment of this emission line to a biexciton state
Lorentzian asymmetric broadening of both biexciton and exhas been checked in time-resolvgdPL measurements:
citon emission lines in GaAs monolayer fluctuation quantunthe exciton emission line riseafter the biexciton emission
dots. We show that these sidebands are due to a nonpertutecays as in Ref. 16. For the excitation power used in these
bative coupling to acoustic phonons. To our knowledge, it ismeasurements~30 W/cnt), the biexciton line is hardly
the first observation of this nonperturbative regime for thevisible for QD1 whereas it clearly appears for QD2. Figure 1
biexciton: we observe that this coupling with acousticshows theu-PL spectra(thick lines of QD1 and QD2 for
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TK 5K XK 30K width includes the sidebands and increases much more
abruptly. At all temperatures the exciton line is broader for

QD2 than for QD1.
X From Fig. 1b), we can note that the intensity ratio
QD1 [(sidebandg(central ling] at a given temperature is larger

for the biexciton than for the exciton, indicating a stronger
coupling to acoustic phonons. This is confirmed considering
Fig. 2, where the temperature broadening of the biexciton
line is larger than for the exciton line at all temperatures.
1696 1698 1.696 1.698, 1696 1(?\?) 1.696 1.698 Phonon sidebands in single quantum dot are attributed to
&Y a nonperturbative coupling of excitons with acoustic
phonons= Following Ref. 13, we extend the Huang-Rhys

PL (arb. wmits)

x2

110 K 15K 151; theory of localized electron-phonon interaction to the case of
an exciton confined in a monolayer fluctuation ®DThe

=z QD2 XX exciton-phonon coupling Hamiltonian is written &by,

S' llfggrgylizov ) =cTcEqu(ba+ by) where c’ and bg (respectivelyc and

= X by) are the creatiorirespectively annihilationoperators of

1 xx 25K an exciton with energ¥, and a phonon with momentum

= and energyi w,. M is the coupling matrix element between
excitons and phonons. This nonperturbative coupling gives
rise to acontinuumof mixed exciton-phonon states, which

1.684 1.683 1'68E4 1.688 1.684 1.688 radiatively recombine. The central line of the emission is
nergy (eV) . .
then called the zero-phonon line, and is surrounded by a
FIG. 1. u-PL spectra(thick lines from QD1 [upper part(@]  continuum of one-phonon, two-phonan ., p-phonon lines.
and QD2[lower part(b)] for various temperatures and for an exci-  To quantitatively calculate this coupling for our QD’s, we
tation power densityP=30 Wcm 2. The thin lines represent only consider the deformation potential due to the longitudi-
Lorentzian profiles. The right upper part 6f) shows a broad en- nal acoustiqLA) phonon modes®°We consider an isotro-
ergy window for QD2 at 15 K. A small background signal appearspic Debye dispersion relation for the LA phonon mode
at the QD emission energy which we subtract locally as a straight=uq (with an angular averaged sound veloaityof the LA
line. Small background substraction has been done similarly for alyyodel”) Thus, we takeM ,= /(ﬁq/ZpuSV)(DC<X|e'q're|X>
spectra presented here. —D,(X|e'%"|X)), whereD. and D, are the deformation
potential of the conduction and valence bangghe mass
various temperatures. At low temperatuve-15 K), exciton ~ density, anaV the quantization volume. For all calculations
(QD1 and QD2 and biexciton(QD2) u-PL line shapes de- presented here, we takB,=5.6 eV (Ref. 2) and D,
viate strongly from a Lorentzian linghin lines in Fig. 2: a = —11.5 eV(Ref. 22.
broad background appears on both sides of the central line In monolayer fluctuation quantum dots, the electron-hole
with a larger intensity on the low-energy side. When increasCoulombic attraction is larger than the lateral confinement
ing the temperature, the emission peaks show a redshift argbtential. Therefore, we consider a quasi-two-dimensional
a quenching of their intensity. Simultaneously, the excitonexciton, whose center of mass is weakly localized at the
line becomes more symmetric, and displays a Lorentziamterface fluctuation of the quantum well. We write the wave
profile around 30 K. As shown in Fig. 2, the full width at half function of the localized exciton stateX) as follows:
maximum(FWHM) of the luminescence lines increases with y, (r,,r,)xe” REy/262 = pIN cos@mz,/L,)cos@mz,/L,),  where
temperature following a two-step behavior for both excitonRXy is the center-of-mass position ane describes the
and biexciton. Actually, low-temperature values of FWHM electron-hole relative motior¢ is a variational parameter
correspond to the central line. At higher temperatrem  describing the lateral extension of the center-of-mass move-
25 K for QD1 and from 15 K for QDP the measured line-  ment in the QD! A=6 nm is the exciton Bohr radius for a
30 A GaAs/A}, {Ga, -As quantum welP®

15[ amx To estimate the lateral size of the QD’s and dedéicere
s Tt o ap2-x a consideru-PLE spectra shown in Fig. 3. Neither QD1 nor
Brof © T QD2 presents an excited state, indicating rather small QD
= o sizes. The energy difference between the exciton line and the
E“-S' gﬁfﬁ//v ] 2D absorption from the quantum well B;,=12 meV for
o0 fa/cr _ , QD1 (E,=6.4 meV for QD2. Macrophotoluminescence
0 5 10 15 20 25 30 35 measurements show the energy difference between the emis-

Temperature (K) .
P sion of ann-monolayer and ann(+1)-monolayer quantum

FIG. 2. Symbols: FWHM of exciton and biexciton emission well.* This energy difference remains constant at different
lines for QD1 and QD2 as a function of temperature. The thin linegpoints of the sample, so that we can deduce the energy depth
are linear fits. V,, of the 1-monolayer quantum well fluctuatiéhwe mea-
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FIG. 3. Upper partu-PLE spectra for QD1a) and QD2(b).
Lower part(c): Huang-Rhuys facto§, as a function of the phonon
energy for three localization lengthkis

sureV,=17 meV for both QD’s. We finally determine the
QD diameter¢ which solves the variational problem fgr
and gives the measured energetic confinemeptand E,.
We find ¢1=15 nm and¢$,=9 nm corresponding tc;
=4.7 nm andé,= 3.45 nm(see Ref. 25 ‘ B
To calculate the emission spectra, we proceed as in Ref. y \ \
17, considering that the probability/} that the optical tran- ' - o
sition involves p phonons with energyiw is Wg=[(nq 1.685 1.690 1.685 1.690 1.685 1.69
+1)/ng]P%f(|Mg|?) whereng=(e"“a’*sT—1)"1 is the oc- Energy (eV)
cupation Bose factor of the phonon state dnd given in
Ref. 17.p is taken negative for anti-Stokes and positive for
Stokes emission. For each phonon mode with enérgy,

PL (arb. units)

FIG. 4. Comparison between experimental emission spectra
(thick lines and calculated spect@ymbols for various tempera-

. . . . . . tures. The zero-phonon lingZPL) are shown in thin lines(a):
each value op gives rise to a line with height/; on either 0" oo i M= 2M X for the biexciton ling(inset: biex-

side of the zero-phonon line. citon spectrum withM ;= M)

For the calculation, we discretize the phonon dispersion P eff™ T’
with an energy step of the order of the zero-phonon line-=3 45 nm). We see that for QDS is larger than for QD1
width. Each phonon-line contribution is then phenomeno-ang its maximum is obtained at higher q. In the second tem-
logically broadened by the zero-phonon line FWHM: at low perature range, where the measured linewidths are dominated
temperature, we take the experimental FWHM shown in Figby the phonon sidebandd £ 25 K), this explains why the
2; for higher temperatures, we estimate the zero-phonon IinQDz line is broader than the QD1 line. Finall, dramati-
FWHM by interpolating the low-temperature slope. Finally, cally decreases when the QD sizeis around 40 nm ¢
to account for our experimental data, we only need to take-g'g nm) [see Fig. &)]. This may explain why such pho-
p= f2, 2 ) non sidebands were not observed on larger GD’s.

Figure 4 presents the calculated spectra superimposed 10 |t is worth to note that the FWHM of the zero-phonon
the experimental ones. A nearly perfect agreement is foungne \which we introduce phenomenologically, cannot be ac-
between experimental and theoretical curves for the excitoggnted for by inelastic scattering with LO or LA phonons
lines. At !ow tempe_zrature, the observed asymmetry of th§gward the two-dimension@D) quantum well. It may be
phonon sidebands is well accounted for by our model. It cagyye to the influence of the electrostatic environment induced
qualitatively be understood as follows. At low temperature,by electron-hole pairs in the 2D quantum wall.
ng<1 so that the probability that an optical transition in- " Finaly, in literature, very different values can be found
volves p (p>0) phonons isWg«[ng+1/ing]”?~(1ng)**  for D, andD, in GaAs[ranging from 6.5 eV to 1.5 eV for
for the low-energy sideband and is much larger than for theDU and from—7 eV to —13.5 eV forD, (Ref. 20] How-
high-energy sidebandi(lecnf’). ever, phonon sidebands hardly contribute to the calculated

In our model,¢ is the only parameter we change betweenspectra if one takes the smallest values of BBt and|D,|
QD1 and QD2. To understand how the QD size, throggh reported in literature. The theoretical analysis of our data
influences the exciton-phonon coupling, let us consider thejives a measurement ¢b.—D,| which is |[D.—D,|=17
Huang-Rhys factoS,=|M4|%/%%w? characterizing the am- +1 eV.
plitude of the exciton-phonon coupling, is plotted in Fig. We now extend our model to the biexciton case. The cou-
3(c) for the two QD’s under study &=4.7 nm, & pling matrix element is now given by
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#q _ _ significantly the contribution of the phonon sideband to the
MG(XZ 500 V(Dc<xx|e'Q'fe1+e'Q'rez|xx> spectrum.
Pls . _ Figure 4 represents the biexciton calculated spectra, su-
— D, (XX|e'9h+ !4 Th| X X)), (1) perimposed to the experimental ones, fbte''=2M}

exchange_ pg X ] i -
We build the spatial part of the biexciton stadX) as the (Mq _Mq)' We find a gO(.)d. agreement with the e.x
symmetrized product of two exciton statd¥X)=(1/y2) periment at low temperature. This indicates that the biexciton
X([Xe. n )X n)+1Xe. n)[Xe. 1)), and neglect the Cou- is about three times as coupled to phonons as the exciton. It
| bll* 1 |2'Y %7 i 1t’h2 f'zazxx| @ e XX = (5 + 3) further suggests that the contribution of the exchange term to
ombic repulsiort.” We then fin e'd'e =(z+3

. the phonon sidebands is of the same order as of the direct
X (X|€e'%"e|X)+ (exchange termsvhere the exchange terms

g1 term for the exciton.
are of the form (X n [(Xe, n )€ e(|Xe, n,)[Xe, n))), To conclude, we have observed the nonperturbative cou-

and represent an exchange of holes electrong between  pling to phonons for both exciton and biexciton states in
the two excitons forming the biexciton, through the interac-single 11I-V QD’s. Our model very well accounts for our
tion with phonons. Finally, we find thatM;"=2M;  experimental observations for QD's with different confine-
+ M éxchange ments. We show that the influence of confinement is an im-
To calculate the spectrum of the biexcitonic line, we haveportant clue to understand why phonon sidebands are some-
to take into account that the final state of the optical transitimes observed and sometimes not. A simple extension of our
tion is an exciton state, also coupled to phonons. As a resulthodel indicates that the stronger coupling between phonons
the probability that the optical transition between the biexci-and the biexciton state is probably due to exchange terms.
ton state and the exciton state involvesphonons iswj — Our findings make stronger the conviction that one cannot
=[(ng+ 1)/nq]p/2f(| Mgff|2), whereMEff: M>q<><_ M>q< A7 5 neglect the coupling betvyeen the QD and its envir(_)nm_ent fqr
the biexciton coupling to phonons were the same as the ex@ny states of the excitonic shell. Rz_;lther_than con5|der|ng this
citon coupling (\/Iﬁ”zO) then no phonon sidebands would ¢oupling as an undesired perturbation with respect to an ideal
be observed on the biexciton line. Here, we havé&'f two-level system, we believe that comp_letg undgrstandmg of
:M§+ngchange_ if exchange terms were negligible, the these phenomena may lead to novel insights into quantum

contribution of the phonon sidebands to the biexciton Specl_nformatlon based on QD's.
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