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Abstract. A theory of photoluminescence in semiconductor quantum dots is developed 

which relies on two key ingredients. First, it takes into account non-adiabaticity of the 

exciton-phonon system. Second, it includes the multimode dielectric model of LO-phonons 

and of the electron-phonon interaction in confined systems. The role of non-adiabaticity is 

shown to be of paramount importance in spherical quantum dots, where the lowest one-

exciton state can be degenerate or quasi-degenerate. For various quantum dot structures, the 

calculated intensities of phonon satellit es as a function of temperature, excitation energy and 

size of quantum dots are in a fair agreement with experimental data on photoluminescence. 

 

PACS numbers: 78.55.Et, 63.22.+m, 61.46.+w, 71.35.-y 

 

The interest in the properties of quantum dots is continuously growing because of the great 

prospects of these structures for optoelectronic applications. Numerous experiments, e. g., 

recent measurements [1 - 4] of the optical (photoluminescence, magneto-photoluminescence, 

resonant photoluminescence and photoluminescence excitation) spectra of self-assembled 

InAs/GaAs quantum dots reveal a remarkably high probabilit y of phonon-assisted 

transitions. For some cases, attempts to interpret these experiments on the basis of the 

adiabatic theory meet considerable diff iculties. For example, in spherical CdSe quantum 

dots, the calculated values of the Huang-Rhys parameter S appear to be significantly (by one 

or two orders of magnitude) smaller than those derived from experiment. In order to achieve 
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agreement with the experimental data, ad hoc mechanisms like charge separation by defect 

or surface states were introduced as a possible extrinsic origin of an increased Huang-Rhys 

parameter (see, e. g., [5]). However, some of the experimental spectra cannot be fitted by a 

Franck-Condon progression, predicted by the adiabatic theory, for any values of S, as seen 

from Fig. 1. 

We have analyzed the photoluminescence spectra observed in different quantum-dot 

structures: ensembles of spherical CdSe quantum dots, self-assembled InAs/GaAs and 

CdSe/ZnSe quantum dots, brick-shaped InAs/GaAs quantum dots [6] created by AFM-

mediated local anodic oxidation. 

We show that the effects of non-adiabaticity provide an intrinsic reason to explain the 

observed surprisingly high intensities of the phonon satellit es as well as the aforementioned 

discrepancies between experimental multiphonon photoluminescence spectra and those 

calculated within the adiabatic approach. The non-adiabaticity of the exciton-phonon system 

in quantum dots opens different additional channels of the phonon-assisted optical 

transitions [7]. Taking into account those channels allows us to adequately treat experimental 

data on photoluminescence of quantum dots. This is ill ustrated by the spectra calculated in 

Ref. [7] and shown in Fig. 1 (for colloidal spherical CdSe quantum dots) and in Fig. 2 (for 

spherical CdSe quantum dots embedded into borosili cate glass). 

In order to treat the fine structure of the phonon satellit es, we have obtained the optical-

phonon modes and the Hamiltonian of the electron-phonon interaction characteristic for 

quantum-dot structures with various geometric and material parameters. These calculations 

are based on the multimode dielectric model [10, 11], which is another cornerstone of our 

theory. Our model explicitly takes into account the fact that the number of vibrational modes 

in a nanostructure is finite. Representing the relative ionic displacement as a finite sum over 

basis vectors, which satisfy specific mechanical boundary conditions, we solve jointly the 

generalized Born-Huang equation [10, 12] and the Maxwell equations with the electrostatic 

boundary conditions. It appears that, in the case of dispersive phonons, the vibrational modes 

in a quantum dot cannot be classified into bulk-like or interface modes, but have a mixed 

character. In terms of resonant relaxation of excitons with participation of these hybrid 

phonons, we interpret in Ref. [11] the fine structure of phonon replicas, which was recently 

observed in photoluminescence spectra of self-assembled CdSe/ZnSe quantum dots [13, 14]. 
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In Fig. 3, the theoretical results of Ref. [11] for the phonon-assisted photoluminescence 

spectra are shown for two ensembles of cylindrical CdSe quantum dots with fixed height h 

and with various diameters d. As follows from this figure, three peaks, which belong to the 

first phonon replica in the measured photoluminescence spectra of CdSe quantum dots 

[13, 14], can be attributed to spatially extended ZnSe-like phonon modes, localized CdSe-

like modes and spatially extended CdSe-like modes (in order of increasing detection energy 

!:). Calculated positions and relative heights of peaks induced by spatially extended ZnSe- 

and CdSe-like phonon modes are in a fair agreement with the experimental data [14]. The 

experimental peaks, which can be attributed to localized phonons, are characterized by a 

rather large frequency spread when compared with theoretically calculated peaks. This may 

be related to an inhomogeneous strain distribution as well as to fluctuations of the chemical 

composition in the experimental samples. 
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Figure captions 

 

Fig. 1. Photoluminescence intensity of spherical CdSe quantum dots with the average radius 

ÄRÔ = 1.2 nm as a function of the difference between the emission frequency : and the 

excitation frequency :exc. The dashed curve represents the experimental data [8], the dash-

dotted curve displays a Franck-Condon progression with the Huang-Rhys parameter S = 0.06 

calculated in [5], the dotted curve shows another Franck-Condon progression with S = 1.7, 

which is obtained by fitting the ratio of intensities of two-phonon and one-phonon peaks to 

the experimental value, and the solid curve results from the present theory. (From Ref. [7].) 

 

Fig. 2. Photoluminescence spectra of CdSe quantum dots at different average radii and 

excitation energies. Solid lines represent the families of experimental time-resolved 

photoluminescence spectra [9] measured at different time intervals between the pumping 

pulse and the measurement, the upper curve corresponding to the time interval equal to 0. 

Theoretical results [7] are displayed for the equilibrium-photoluminescence spectra (dashed 

curves) and for the case of slow relaxation of the exciton energy (dotted curves). 

 

Fig. 3. Calculated photoluminescence spectra [11] of CdSe quantum dots with the height 

h = 2 nm (the solid line) and h = 1.8 nm (the dotted line) on a 2ML remnant layer compared 

to the experimental data for a CdSe quantum dot structure formed by thermally activated 

surface reorganization of an initially uniform 3 ML CdSe film (after Lowisch et al. [14]). 

The dashed and dot-dashed lines correspond to the excitation energy !:exc = 2.495 eV and 

!:exc = 2.465 eV, respectively. For clarity, the experimental spectra are vertically shifted.
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Fig. 1                             J. T. Devreese, V. M. Fomin, V. N. Gladili n, and S. N. Klimin 
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Fig. 2                             J. T. Devreese, V. M. Fomin, V. N. Gladili n, and S. N. Klimin 
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Fig. 3                             J. T. Devreese, V. M. Fomin, V. N. Gladili n, and S. N. Klimin 


