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Effect of random field fluctuations on excitonic transitions of individual CdSe quantum dots
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The quantum confined Stark effect is observed for quantum (@iss) exposed to randomly fluctuating
electric fields in epitaxial structures. These fields, attributed to charges localized at defects in the vicinity of the
QD’s, lead to a jitter in the emission energies of individual QD’s. This jitter has typical frequencies of below
about 1 Hz and is characteristic for each QD thus providing a unique means to unambiguously identify the
emission spectra of single QD’s. Up to eight lines are identified for individual QD’s and attributed to excitonic,
biexcitonic, and LO-phonon-assisted transitions. The intensity of the LO-phonon replica is surprisingly large
corresponding to Huang-Rhys factors of about one.

I. INTRODUCTION lattice matched to GaAs. Subsequently, nominally 1.7 mono-

layers (ML) of CdSe were deposited followed by a 20 nm

Since the quantum confined Stark effe@CSB has first  ZnS, ,¢S&, 94 cap. Under the given growth conditions the de-
been demonstrated in quantum wells, much work has begposited CdSe forms Cd-rich nanoscale islands in the Volmer-
dedicated to the investigation of the interplay of the elec\neber growth modé Structural characterization of samples
tronic states of quantum structures and external electrigrown under identical conditions identifies islands with a
fields. Studies of the QCSE of quantum dotQD's) were  [ateral extension of about 5 nm and a height of about 4 ML

done using CdS and CdSSe QD’s in amorphous matfites. }1_2 nm and a Cd content between 60% and 7H0Ghe

These early investigations were focussing on the effect ofayer js attributed to interdiffusion during the ZnSSe cap
electric fields on a large QD ensemble. The very recen rowth.

progress in spatially resolved spectroscopy however made it 1o growth having been completed, shadow masks were

possible to systematically investigate the QCSE of singlg,picated on the surface of the sample using electron beam
QD's (Refs. 5-8 in externalelectric fields. Internal fields |iy,qqranhy and a standard lift-off process. The masks con-
like those of defects, impurities, or localized charges in thet of square shaped fields with lateral extensions of 8
vicinity of a QD will strongly influence its electronic struc- mx8 um of 10 nm Ti and 70 nm Pt. In the center of each

ture as weII.- D|sprete_an_d bistable effehcg:fts such as randontie|g a small area is left uncovered creating apertures with a
telegraph-noise-like b||rf1k|ng "T‘Inq qluenc @Qg’%lumm;es— diameter as small as 100 nm. The metal film is transparent
cence, were reported for colloidal CdSe and for {1 the exciting electron beam but almost opaque for light

I 212
InP SD § in a GalnP matrli(. " ¢ randomlv fi . (transmission<10™* at hy=2.75 eV). Only luminescence
This paper reports on the effect of randomly f’Ct_uat'n_gfrom QD’s situated directly below the aperture is detected.
local electric fields on the electronic states of QD’s in epi- 114 measurements were carried out using a JEOL JSM
taxially grown 1I-VI structures. For such I1I-VI structures 840 scanning electron microscope. The sample was mounted

high background doping together with self-compensation eft,, ihe cqoling finger of a He-flux cryostat. The luminescence

fects leads to a density of charged defects that is severghn: \yas collected by an elliptical mirror and dispersed by
orders of magnitude larger than in comparable 1l1-V struc-2n 03 m spectrometer equipped with a 2400 Thrgrating
tures. Optically excited charge carriers will randomly Neu-p 1024x256 pixel liquid nitrogen-cooled charge-coupled
tralize the defects leading to random fluctuations of the elecdevice was used as detector. The spectral resolution of the

tric fields which the QD’s are exposed to. The resultingSetup was~200 ueV. All measuring was done at a tempera-
QCSE leads to a jitter of the emission energies of the QD'syyre ¢ 7 K using an acceleration voltage of 7 kV
which can be observed in a series of cathodoluminescence '

(CL) spectra taken in rapid succession. The jitter is charac-
teristic for each QD and allows to identify surprisingly rich

emission spectra for single QD'’s. lll. RESULTS AND DISCUSSION

The integral CL spectrum taken from an area of about
40X 60 um? shows two peakgsee inset in Fig. B)]. The
high-energy peak at 2.835 eV originates from the

The investigated sample was grown by low-pressure metZnS, ;eS8 9, Matrix while the low-energy peak at 2.61 eV
alorganic chemical vapor depositigMOCVD) on a(001) with a full width at half maximum of 60 meV stems from the
GaAs substrate at 350 °C. Initially, a 10 nm-thick ZnSe layerinhomogeneously broadened emission of the QD’s. A high-
was grown followed by a 500 nm-thick Zp§Se, o4 buffer  resolution CL spectrum taken on a 120 ®i20 nm aper-

Il. EXPERIMENT
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FIG. 1. (a) Section of a CL spectrum taken on a (120 Am) ter Elongation (V)

aperture showing single sharp luminescence lines of excitonic tran- F|G. 2. (a) Time evolution of the position of a QD-exciton line.
sitions of a few quantum dots. The inset shows an integral CLThe line positions were derived from a series of 500 spectra taken
spectrum of the same samplb) The time evolutior(0.5 s stepsof i intervals of 100 ms(b) and (c) show histograms of the line
the above spectrum shows the characteristic jitter and drift of thgyositions relative to the time averaged position measured for exci-
emission lines. A synchronous group of six lines exhibiting identi-tation beam currents of 0.6 nA and 8 nA, respectively. The histo-
cal jitter is indicated by arrows in panéd). In panel(b) the right-  grams look like a normal-distributiogfull line) whose variance
most line of the group is partially superposed by another emissiofhcreases with the excitation density.

line.

h hat th h lumi K IImescale of such charging processes, which typically occur in
ture shows that the smooth QD luminescence peak actually g6 of milliseconds up to hundreds of milliseconds. The
decomposes into about 80 lines of which about 15 fall into

h displaved in Fi sinalv th model is consistent with the observed excitation density de-
the energy range displayed in Figal Surprisingly the en- pendence of the jitter amplitude: the increasing number of

ergu_ershof these Imesfslhoo(\)/v a pronouhnced .tlmFe-depend?nt Eharge carriers available with increasing excitation density
tﬁ.r' ffe seqﬁ'er;lce 0 . sptlactra shown in Fig) tevea Sf leads to a stronger screening of the local fields and larger
this effect which to our knowledge was not reported be OT€harge fluctuations.

for epitaxially grown QD structures. Each emission line
shows a jitter with an amplitude of up to 1 meg¥ee Fig.

1
2(a)]. The energy distribution of each line can be approxi- | T =7K XX : ix ﬁ."' .« [ &
mated by a Gaussidisee Figs. @) and 2c)] and the am- _ [ l8=4nA | Jec £
plitude of the jitter increases with increasing beam curtgnt £ Us=7kV it | E
and thus excitation density. A Fourier analysis of the jitter = | e g
based on a series of 1000 spectra taken in intervals of 50 m< X-LO X r -
yields a white noise background and a significant contribu-< l Beam current (nA)
tion from frequencies between 0.1 Hz and 1.5 Hz. Beside the%‘ | ' X
jitter some lines exhibit a slow energy drift on a timescale of & i l X+LO
several seconds up to tens of seconds. f - A ‘ 1

The sequence of spectra in FigblLreveals synchronous © | A
groups of lines which show exactly the same jitter pattern. J LJ\, ‘\M"
The lines of one group are _ma_rked by arrows in Figg).1 o g Y YT YT YT YIRS oo
Groups of up to eight lines distributed over a range of about Energy (eV)

50 meV can be identifie(see, e.g., Fig.)3the energy sepa-
rations for them remaining constant within the experimental g 3 Excitonic spectrum of an individual QD, the eight

resolution. _ . . . marked lines exhibit synchronous jitteX denotes the excitonic

The jitter of the luminescence lines is attributed to thegroundstate recombinatioXX the line from the biexciton decay,
QCSE? Defects in the vicinity of the QD’s randomly change x-L0 marks a set of LO-phonon replica of the exciton decay in-
their charge state trapping or releasing carriers and thus gegolving at least four different LO phonons. The origin of the two
erating fluctuating electric fields that can reach a strength ofiigh energy lines is not yet clear, they might be attributed to LO
several ten kV/cm at the position of the QD’s. Such fieldsenhanced decays. The dashed peaks belong to other QD’s. The inset
modify the carrier confinement in the QD’s leading to a shiftshows the excitation beam current dependence of the intensities of
of the luminescence energy. The jitter reflects the slow tithe exciton K) and the biexciton XX) line.
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In flat GaAs/AlGaAs quantum islands Stark shifts of alecular beam epitaxy. The deviation may be attributed to the
few hundredueV have been observed for externally applieddifferent shape and composition of the QD’s in the MOCVD
electric fields of several 10 kV/cihSlightly larger shifts of 2 grown samples. The decay of charged excitgrisns) as the
to 3 meV have been observed for self-organized InAlAsOrigin of the line denotedXX is unlikely because such
QD’s in an AlGaAs matrix when external electric fields of up charged particles Sh.Ol.'”d react d|ﬁgrently to electric .f|elds
to 60 kV/cm were applied. and _shoulo_l _thus exhibit at_Ieast a different jitter amplitude.

To obtain an estimate of the QCSE induced ener downThe intensities of th_e fqur lines _between 2.465 and 2.473 QV

9y show the same excitation density dependence as the exciton

shift for the present system, model calculations were perp,q X, suggesting a set of four LO-phonon replica. The LO-
formed. The weak coupling of conduction and valence ba”dﬁhonon energies are 19.6, 22.5, 24.0, and 25.3 meV, respec-

in the wide gap II-VI materials allowed the use of effective ively. For different QD’s a variation of the LO-phonon en-
mass theory® A flat cylindrical dot with a height of 1.2 nm, ergies by aboutt2 meV is observed, indicating that the
a diameter of 5.0 nm, and a Cd content of 65% was aSSUmeqo-phonon energies are a Specific property of each QD de-
Strain effects were included as biaxial strain in the growthpending on its size, shape, strain, and composition. Broad
plane, and the exciton binding energy was calculated treatingands attributed to QD specific LO phonofwalled local

the Coulomb interaction as a first order perturbation to thgphonon modeshave been observed in photoluminescence
confinement potentiadf excitation studies, tot’

The calculated transition energy of the exciton ground- The energy separations between all lines of a group are
state shows a parabolic dependence on the electric field. Agponstant in time and thus independent of the strength of the
electrostatic field of 100 kV/cm in the growth direction, i.e., random electric fields. For LO-phonon replica such a behav-
perpendicular to the QD plane, leads to an energy downshifer is naturally expected. The constant separation between
of the emission of 26Q.eV. Due to the larger lateral exten- the exciton K) and the biexcitonXX) lines is attributed to
sion of the QD’s the same electric field directed parallel tothe fact that the QCSE is much smaller than the biexciton
the QD plane induces a downshift of 1.8 meV. Both valuedinding energy. L
are of the same order of magnitude as the observed jitter. The '€ intensities of the LO-phonon replica in Fig. 3 are
exciton binding energy amounts to 90.2 meV and is slightlyl2'9€, the strongest replica being of approximately the same
field dependent. Local electric fields reaching several 1dNt€nsity as the direct exciton groundstate emission. This
kV/cm can be generated by a few charged defects locatgPints to strong exciton LO-phonon coupling. The coupling
very close to the QD. For example three elementary charge¥rength is usually described by the dimensionless Huang-
in 10 nm distance from the QD induce an average field of 483NYs factorS™™ Sis given by the ratio of the integral inten-

Kv/em. sities of the phonon replica and the zero phononfhdsing

The random field fluctuations are liable to obey a narrowfNiS model,S~1 is obtained which is of the same order as
normal distribution around a nonvanishing average ﬁe@/alugsﬂ?gtalned for spherical II-VI QD's in a glass
strength. The observed near normal distribution of the emisMalrix; = =but two orders ofér%agmtude larger than for I1I-V
sion energy[Figs. 2b) and 2c)] can occur only if the aver- QD’S:” It has been propos that the large values o&
age field value is clearly larger than the standard deviatior?2Served in II-VI QD’s in amorphous matrices are due to
Under such conditions the parabolic field dependence can H&€ctric fields induced by charges located at the dot-matrix
linearized. interface, which increase the n(_)nvamshmg part of the elec-

Due to the random distribution and population of defectsfon and hole polaron clouds in the exciton state. In the
each QD is exposed to a different local electric field. Fur-Present epitaxially grown structures the QCSE jitter indicates
thermore the strength of the QCSE depends strongly on thie presence of a strong electric field and, at the same time,
geometrical extent of the QD. Thus, each QD exhibits itsthe Huang-Rhys factor is I_arge. Both these observations sup-
own characteristic jitter and the observed groups of synchroOrt the assumed connection between the Huang-Rhys factor
nous emission lines must each originate from the same singfd local electric fields in the QD's. The absence of measur-
QD. The origin of the lines of the QD emission spectrum has2P!e LO-phonon replica of the biexciton line could then be
been analyzed by excitation density-dependent measur&Xplained by a similar polar character of the biexciton state.
ments where the excitation beam curreiy)(was varied Two additional lines are to be found at energies above the

between 80 pA and 1.0 nA. Figure 3 shows the spectrum ofXCiton groundstatéFig. 3). The energy separations of 19.9
a coherent group of lines and the inset showslthelepen- and 22.6 meV are consistent with two of the observed local

dence of the intensities of the lines denotédind XX, re-  -O-Phonon energie¥’ This could indicate an interaction
spectively. The intensity of the line denotédgyrows sublin-  With hot phonons generated by the electron beam: In CL
early with a slope of roughly 0.8. The line denoték electron hole pairs are gen_erated with an excess energy of
shows a superlinear increase with a slope of about 1.2. Jud -EOUt 2-3 eV andh_relaxalzon talk‘?s place mo_ls_gy_ by LhO-
ing by the excitation density dependence it is reasonable t onon emission. This cou resultin a non-equitibrium pno-
conclude that the line denoted originates from radiative non (_jlstr|but|on. For excited state transitions different jitter
recombination of the excitonic groundstate and that the lin@MPlitudes would be expected, which are not observed. Fur-
denotedX X originates from biexcitonic decay. Remarkably ther_lnvest|gat|ons to clarify the precise origin of the lines
the biexciton line can be observed, even at the smallest cuft'® N PrOgress.
rentslg, indicating that the excitation density is still in the

nonlinear regime. The separation between the exciton and

the biexciton line in Fig. 3 is 11.4 meV, which is smaller  The excitonic transitions of individual QD’s in MOCVD-
than values reported by othéfs®for samples grown by mo- grown CdSe/ZyS,_,Se structures show a jitter on a time-

IV. CONCLUSION
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scale between a few tenths of a second and a few secondston transition involving local LO-phonon modes of the QD.
The jitter is assigned to a QCSE induced by randomly flucLarge Huang-Rhys factors of up #~1 are observed.

tuating electrostatic fields induced by charges localized at

defects in the vicinity of the QD’s. The jitter amplitude de- ACKNOWLEDGMENTS
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