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Enhanced phonon-assisted photoluminescence in InAs/GaAs parallelepiped quantum dots
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We analyze the phonon-assisted photoluminescence due to the intraband transitions of an electron between
the size-quantized states in rectangular parallelepiped InAs quantun(i‘dontum bricks”) embedded into
GaAs. The phonon-assisted photoluminescence is strongly enhanced by two processes. First, the efficiency of
the electron-phonon interaction in an individual quantum dot is enhanced in small dots. Second, we find that
the ratio between intensities of the zero-phonon line and one-phonon line in the photoluminescence spectrum
is efficiently controlled both by the shape and the size distribution of those quantum dots.

Advances in the synthesis of semiconductor nanocrystals For optical examination in the far-infrared region, high-
have stimulated interest in novel fabrication methods whichpower tunable free-electron lasers are now available. These
can provide quantum dots of different geometry, like E-beanfree-electron lasers are tunable over a wide spectral region.
lithography which allows the production of optically active As an example, the FELIXFree-Electron Laser for Infrared
nanostructures down to 100 nniRecently, a new technology experiments facility provides an extended wavelength
has been developed: the atomic force microsd@@) me-  range from 4.5 to 20@m.** We propose to use this type of
diated direct oxidation of semiconductor surfaCey this  faility to study the intraband transitions in quantum dots.
hmaestht?génthpi\ttseurrrl:z(éﬁ igfpzr:il(l:lﬁgr ngﬁdsoth?;t?irg:g%g\ljéeée For optical intraband transitions in quantum dots, the condi-

’ 1 /<
produced with periods down to 250 nm. Direct local anodi::aib(n,,l/(r)nf j”‘;?,% isSZe ogurg?]tlrzai[;ﬁgn I8|/s\tr|$£ ,ba\ggeerletjaclﬁr%n
oxidation of high-mobility transistors has been shown to pro- b™LO P "b
vide an effectiven situ control of patterning semiconductor mass,w o is the bulk LO-phonon frequency. In InAs quan-

nanostructures. By optimization of the writing speed, the tiptum dots, the strong size quantization regime for intraband

voltage and the control of the humidity, this method is ex-transitions is determined by the valé~10.6 nm. This is

pected to enable a reduction of the oxide line width below 2¢29@in in the aforementioned size range of the quantum dots.

nm. In our opinion, the AFM-based method seems promising We analyze here the phonon-assisted photoluminescence

for fabrication of smaller optically active nanostructures. 1N rectangular parallelepiped InAs quantum dots embedded
Optical characterization has been successfully applied t#to GaAs(“quantum bricks” with sizes/,/y,/ ;) due to

semiconductor nanostructures, see, e.g., reports on mule intraband transitions of an electron between the size-

tiphonon photoluminescent® and Raman scatterinf of ~ quantized states:

nanosize quantum dots. A considerable enhancement of the

phonon-assisted interband transition probabilities in the op- 8 fmk \ [mm | _[mn
tical spectra of spherical quantum dots, even with relatively [kmn)= e sin /—XX SN ——=y|sin /—ZZ :
weak electron-phonon coupling strength, has been explained Y Y (1)

to be due to nonadiabaticity of the exciton-phonon

systems’:® Recently, the observed photoluminescence specwherek, m, n are positive integers.

tra in InAs/GaAs self-assembled quantum dots were attrib- Optical-phonon eigenmodes and the Hamiltonian of the
uted to a giant efficiency of the Hubich interaction between electron-phonon interaction are obtained within the multi-
a strain-induced polarized exciton and the longitudinal opti-mode dielectric modéf which takes into account both elec-
cal (LO) phonons’ In nanostructures where the motion of trostatic and mechanical boundary conditions for the ionic
charge carriers is confined to a small volume, the efficiencylisplacement vectofsee Ref. 18 as well as the phonon

of the phonon-assisted interband transition processes greatpatial dispersion in the bulk. This model has been recently
increases in the regime of strong size quantizati6s,Rg, used for the interpretation of optical spectra of spherical
where/ is a characteristic size of a nanostructure &ds  quantum dot$:® Here, we briefly recall only the main ingre-
the exciton Bohr radius. In bulk InAs, the electron-phonondients of this model. When the phonon dispersion is rela-
interaction is very weak: the Hntich coupling constant is tively weak, vibrational eigenmodes in quantum dots are
anas~0.05210 Since the exciton Bohr radius in InAs is subdivided into the bulklike and interface ones. Within the
~35 nm, the strong size quantization regime occurs even imultimode dielectric modé¥ at the boundaries, the compo-
relatively large InAs quantum dots with characteristic sizesnents of the basis vectors normal to the boundary have nodes
of the order of 10 nm, hopefully attainable by AFM structur- while the tangential components have extrema. Another dis-
ing. tinctive feature of the multimode dielectric motfels that it
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explicitly takes into account the finite number of vibrational i
modes in a quantum dot. The results of the multimode di-
electric model have been shown to be in qualitative accor-
dance with those obtained in microscopic modéfS.in the
case of dispersive phonons, the vibrational modes in a quan-
tum dot cannot be classified into bulklike or interface modes,
but are theirhybrids The mixing between bulklike and in- One-phonon processes

Zero-phonon processes | ()

‘exc

terface vibrations is enhanced when decreasing the size of a a b
guantum dot.
We calculate the photoluminescence spectra of quantum 1: I(DV 1
dots within the approach of Ref. 7 extended to the case of y
dispersive phonons, and consider optical transitions between Q.. v
two lowest size quantization stat¥sin this approximation, -r———"
the probabilities of the optical transitions accompanied by v ‘,va
emission ofK phonons(both in the light absorption and in
the photoluminescenicare One-phonon abso?pt'ion Zero-phonon abs?rp_tion
+zero—phonon €mission +one-phonon €mission
m2e?
Wi (Q)= fe—SE |<f|(n.r)|i>|2 FIG. 1. Transition scheme for the light absorption under the
n“(Q)h f excitation by the radiation of frequendy.,. (arrows up and for
K the subsequent luminescen@erows down in quantum dots. One-
v 1—[ SVV phonon-assisted photoluminescence processes, accompanied by the
Kk, =k | 5 Kt emission of a phonon with a frequeney, (dotted arrows downare

shown for the quantum dots of two different sizés: larger dots,
where the absorption of a photon is accompanied by the emission of
a phonon, andb) smaller dots, where the emission of a photon is
accompanied by the emission of a phonon. The dashed lines denote
the excited states of the electron-phonon system with one phonon of
frequencyw,, .

X3,

IZ)H“FE K,,w,,iQ), (2)

where the sum is over all sets of integéts which satisfy
the conditionZ K ,=K; n(Q) is the refractive index of the
host medium,e is the electron charge. The uppé@ower)
sign corresponds to the emissigabsorption of a photon
with frequencyQ. (f|(n-r)|i) is the matrix element of the
transition between the initiali()) and final (f)) statesn is
the light polarization unit vector, andy; is the Franck- Z,ﬁ(/X,/y,/Z)jLE K,0,— Qeyc=0 (6)
Condon transition frequency. The excited electron stbte v

is assumed to be homogeneously broadened with the line- ) )
width y: is satisfied. Equatiof6) can be solved for different numbers

K,=0,1,2 ... of emitted phonons of different frequency. It
follows, therefore, that quantum dots of different sizes can be
5.(0)= Y _ 3 excited by the radiation of one and the same frequddgy..
Y m(Q%+ y?) As a result, theK-phonon band of the photoluminescence
spectra contains peaks provided by various combinations of
The partial Huang-Rhys parameter, related tosttiephonon  transitions with the light absorption accompanied Ny K
mode with frequency,,, is phonons, followed by the light emission with participation of
(K—=N) phonons. In particulatsee Fig. 1, the one-phonon
. . NUTNE photoluminescence peak occurs when a phonon is emitted
S = [€iT2l1) = CFl7. ) (4) during light absorption with the subsequent zero-phonon
! h2w? ’ light emission(a), and a phonon is emitted during light emis-
sion after the zero-phonon absorptid). Since the Franck-
wherey, is the amplitude of the electron-phonon interaction,Condon transition frequenays; is a decreasing function of

matic excitation radiation with the frequené€y,,., the ab-
sorption occurs only when the equation

and the total Huang-Rhys parametelSis X, S, . sizes of a quantum dot, the former process involves quantum
In this paper, we consider photoluminescence spectra afots with larger sizes than the latter one does. This effect
the Gaussian ensemble of quantum dots gives rise to the possibility of controlling the ratio between

intensities of the one-phonon and zero-phonon photolumi-
nescence by varying the excitation frequency.
1 oxpl — (Ip=(I)? Assuming that’,>/y,/,, the two lowest size quantiza-
(2m)%¥/ g8 pxy.z 20%1,)% |’ tion states ar¢111) and|211). In this casews; is a function
of /, only. The set of equation&) transforms into two
equations for the sizeg(Qe,9, corresponding to the zero-
where o is the half-width of the distribution over sizes, so phonon excitation; antl, ({24, corresponding to the one-
that the relative size dispersiadh=2¢. For the monochro- phonon excitation:

-/v(lxulyalz):
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FIG. 2. Photoluminescence spectra of an ensemble of InAs/ FIG. 3. Photoluminescence spectra of an ensemble of InAs/

GaAs parallelepiped quantum dots with parametefg)=15 nm,
(/=10 nm, (/=2 nm, A/(/,)=0.1 (p=x,y,z) for
Qeyc=1756 cmi (15=15.0 nm; Q¢,=2016 cm ! (1,=14.0 nm;
Qeyc=2338 cm }(1,=13.0 nm. Distribution of quantum dots

GaAs parallelepiped quantum dots with,) =15 nm, (/,)=10
nm,{(/)=2nm,A/ (/) =0.05 (p=X,y,2) for Qe,=1756 cm *
(lo= 15.0 nm; Q.,=1880 cm! (1,=14.5 nn); Q.,=2016
cm ! (I,= 14.0 nnj. Distribution of quantum dots over is

over/, is shown in the inset. The dotted lines denote the sizes oshown in the inset. The dotted lines have the same meaning as those

dotsl, active in the zero-phonon light absorption at different exci- in Fig. 2.
tation frequenciegl,,.. In this and subsequent figures, the maxi-

mum intensity for the zero-phonon line is chosen as unit imenSity'relative size dispersiot =0.1 (10% and A=0.05 (5%)
respectively. The aforementioned effect of the enhancement

o£i(19) = Qexc=0,

Z’fi(l l,v) +0,—Qey=0.

It follows from the above-mentioned behavior of; as a
function of sizes of a quantum dot, thdt ,(Qexd

of the factorl ; /15, when increasing the excitation frequency,
is more pronounced for a narrow size distribution than for a

@)

wide one. For the plots shown in Fig. B,/I occurs to be

close to 1. This means a substangahancemenof the ef-

ficiency of the electron-phonon interaction in the quantum
dots[compared to the bulk InAs or GaARef. 17] in con-

>10(£2exd - The zero-phonon and one-phonon photolumines;jynction with statistical effects in the ensemble of quantum

cence spectra are given by the expresdihich results

from Eq. (34) of Ref. 7]
I(Q):N(lo(nexc))ﬁy(ﬂ_ﬂexa

+§ [NV o(Qexd)S, (o Lexd)

+ Ml 1,v(Qexc))Sv(| 1,v(Qexc))] 5y(Q —Qexct o,).

dots.

In all figures, the one-phonon photoluminescence band
consists of two peaks which correspond to hybrid InAs-like
phonon modegat ~230 cm'!) and to hybrid GaAs-like
phonon modegat ~285 cm'!). The ratio between the in-
tensities of these two peaks depends on the shape of a quan-
tum dot. When comparing photoluminescence spectra for en-

®)

The results of the calculation of the photoluminescence spec-
tra in Gaussian ensembles of InAs/GaAs quantum dots are
presented in Figs. 2 to 4. The homogeneous linewigils

taken to be 10 cm.

Comparing curves shown in Fig. 2, one can see that for an
increasing frequenc{ ., the excitation is shifted to smaller
quantum dots, i.ely(Qe,0 becomes smaller. By shifting the
excitation to these smaller quantum dots, the intensity of the
zero-phonon peak, decreases more quickly than the inten-

n

—
(=]

Intensity (arb. units)

o
n

sity of the one-phonon pedk, so that the ratid, /I rises.
This fact can be explained by the structure of E8): for

lo<(/y), the ratio of the terms in between the square brack-

0.0

ets to the quantity which determines the intensity of the zero-
phonon peakN(l4(Qexd), rises when increasing the excita-

tion frequency Q¢.c, i.e., when excitation is shifted to
smaller quantum dots. Under the conditidvil; ,(Qexd)
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sembles of quantum dots witfy’y)=10 nm (Fig. 3 and
(/y)=3 nm(Fig. 4 (where the other two sizég’,)=15 nm
and (/;)=2 nm have been fixed for both casese can

FIG. 4. Photoluminescence spectra of an ensemble of InAs/
GaAs parallelepiped quantum dots wifl,)=15 nm, (/)=3

> Ml o(Qexd), the dominant contribution to the one-phonon pm (/)=2 nm, A/ (/)=0.05 (p=x,y,2) for Qe,=1756

peak intensity is due to the processes shown in Rig. that

occur in the quantum dots of size,(QeyJ).

mem  (/5=15.0 nm; Qg c=1880 cm! (15=14.5 nm); Qeyc

=2016 cm! (I,=14.0 nm. Distribution of quantum dots over
Figures 2 and 3 allow one to compare photoluminescencg, is shown in the inset. The dotted lines have the same meaning as
spectra for two Gaussian ensembles of quantum dots with th&ose in Fig. 2.
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observe that the peaks due to GaAs-like phonons are relatates in single InAs/GaAs quantum dots. If the optical tran-
tively more pronounced for flatter dots than for more elon-sitions between the confined electron states in quantum dots
gated dots. can be seen, then there is good reason to expect phonon-

In conclusion, we have shown that the ratio between in&Ssisted transitions due to hybrid phonons to be equally ob-
tensities of the one-phonon line and the zero-phonon line iFeTved:

a photoluminescence spectrum largely depends on the size of The authors thank E. P. Pokatilov for fruitful discussions.
the individual quantum dots and on the size distribution inThjs work has been supported by the BOF NOA-UIA),

the ensemble of quantum dots. The relative enhancement AP, FWO-V., Projects Nos. G.0287.95, G.0193.97 and the
phonon-assisted photoluminescence for narrow size distribi/.0.G. W0.025.99NBelgium), and the PHANTOMS re-
tions provides an effective method to characterize vibrationasearch network.
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