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Magneto-optical study of the exciton fine structure in self-assembled CdSe quantum dots
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We have studied the fine structure of the heavy-hole exciton in CdSe quantum dots grown on ZnSe by
molecular beam epitaxy. Applying a tilted magnetic field, all four levels of the ground state are detected
simultaneously. The zero-field separation between the optically forbidden and allowed doublets ranges between
1.7 and 1.9 meV and is crucially influenced by the finite energy barrier at the heterointerface as well as the
existence of a wetting layer. The energy splitting within the allowed doB@2 ueV) is substantially larger
than for the forbidden stategs< 20 weV), demonstrating that a dominant contribution arises from the long-
ranged part of the electron-hole exchange interaction. The total sptactors is derived. A huge anisotropy
for the electron is found.S0163-182809)50848-3

The spin degeneracy of the exciton groundstate associat§d E; =0<AE,_,). It is therefore necessary to uncover the
with the multiplicity of the band edges is lifted by the energy splitting amongoththe allowed and forbidden states
electron-hole exchange interactit®HX).! For the bulk, the for an unambiguous decision about the underlying mecha-
resultant fine structure was elaborated years ago. First, th@sm.
short-ranged part separates the optically allowed and forbid- In this paper, we report on a systematic magneto-optical
den states by an energyE,_; with typical values ranging study of the exciton ground state in CdSe/ZnSe QD’s grown
between 0.01 meVGaAs and 0.12 meMCdSe for promi- by molecular beam epitaxy. The use of wide-bandgap II-VI
nent semiconductors. Second, the optically allowed set isnaterials offers the advantage of relatively large EHX ener-
split in transverse and longitudinal components due to theies, already in the three-dimensional case. In comparison
long-ranged part of the EHX. The exciton fine structure inwith nanocrystals randomly oriented in noncrystalline
quantum dot$QD’s) is currently still under debate?Inthe  matrices>® epitaxial structures exhibit a well-defined axis,
absence of translational symmetry, the distinction betweegiven by the growth direction, relative to which the magnetic
short- and long-ranged contributions is not as straightforwardield can be applied. The present QD structures were fabri-
as in the bulk. Their role is instead crucially influenced bycated by thermally activated reorganization of a three-
the shape and symmetry properties of the QD. A furthemonolayer CdSe film deposited on aubqd ZnSe buffer,
problem related to this is the confinement-induced increasgrown first on GaAs substraté After formation of the QD’s
of the energy scale in the zero-dimensional case. Previousaving a two-monolayer-thick CdSe wetting below, the
studies on CdSe nanocrystals embedded in ordamic  structures were capped with a 85-nm-thick ZnSe film. Ultra-
glassy matrices®® have yielded a dramatically increased high vacuum atomic force microscopy yielded an average
allowed-forbidden splitting, reachin§E,_;~20meV for a QD height of 2.5 nm and, limited by the smaller lateral reso-
radius of 1.3 nm. Values in this range represent a serioukition, a diameter of smaller than 10 nm. The overall photo-
obstacle for the application in light-emitting devices, sinceluminescencelPL) spectrum of the prototype sample, for
the major number of excitons is then in the dark states. Thevhich the magneto-optical data are given below, is depicted
data reported for epitaxial 11-VI QD’s scatter between 2.0in the insert of Fig. 1. The QD PL is high energy shifted by
meV (Ref. 7) and 15 meM(Ref. 8. Recent studies by space- about 100 meV, with respect to a CdSe reference gquantum
resolved spectroscopy have also revealed a splitting of thevell grown without the annealing step. Apart from a weak
allowed exciton states in various IlI-V and II-VI QD feature on the high-energy tail, arising from QD’s selectively
structures 12 Different interactions have been invoked to addressed via LO-phonon scattefihfjom the primarily ex-
explain this splitting: heavy-hole light-hole mixifdhigher-  cited wetting layer, the PL band is structureless and broad,
order terms of the short-ranged EH¥? and the long- signifying fluctuations in size, shape, and composition. In
ranged EHX The standard short-ranged EHX is propor- micro-PL, the band decomposes in single emission lines of
tional to the product of hole and electron spin operat®r  widths in the 100xeV range*®
The Kohn-Luttinger Hamiltonian gives, in principal, rise to  QD’s of a certain exciton ground state energy were reso-
the existence of a higher-order term, proportionalJ&  nantly excited by a tunable dye laser or selected lines of an
(Ref. 13. No experimental evidence for this term has beenAr™ laser. The spectra were taken by a 2-m high-resolution
reported on bulk materials and hence nothing is known abowpectrometer with a linear dispersion of 0.24 nm/mm and an
its magnitude. A characteristic feature of thtS interaction  optical multichannel detection system. Scattered laser light is
is that it generally produces a splitting of both the optically suppressed by cross- or counter-polarizing excitation and de-
allowed and forbidden states, denoted in what follows bytection. The magnetic fielB, applied at a desired angle with
AE,., andAE;_¢, respectively. For a well-defind@01] QD  respect to the growth axiz was supplied by an OXFORD
axis, AE;_s>AE,_, strictly holds. On the other hand, the split-coil magnet capable of fields up to 12 T. In Fig. 1, the
long-ranged EHX affects only the optically active levels secondary emission spectra are shown for selected orienta-
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S 00 energy tail is observable. This feature, also seen at zero field,
g T B=10T, T=18K is related to acoustical-phonon assisted optical recombina-
u:%”" efc- tion. At finite B, up to five more or less spectrally sharp
< 00 features arise, clearly separated from this tail. For the geom-

etries (b) and (c), two lines appear symmetrically with re-
spect to the exciting laser. Their extremely small width, lim-
ited by our spectral resolution of 2&eV, is indicative for a
Raman process with no electronic state broadening involved.
The linear field-induced shift and the similarity with respec-
tive lines observed or(Zn,CdSe/ZnSe quantum welfs
identify them as an electron spin fl{gSP with virtual cre-
ation of a two-electron-one-hole complex in the intermediate
state. At present, we are not able to distinguish whether the
electron involved in the spin flip is on a donor impurity
occurring in some of the QD’s or in a confined level, occu-
pied by capture from the ZnSe barriers, weakifype even

! : ! . for no intentional doping. From the magnetic-field datay a
2404 2406 2408 2410 factor of g, .=1.09 is derived for this electronic state. No

photon energy [eV] anisotropy is found within the experimental accuracy-of

FIG. 1. Secondary emission spectra of CdSe/znSe QD's undgf-02 for <(B,z)=45...90°. Wenote, that the ESF lines
resonant excitation#{we,=2.4096 V) atB=10 T and selected are absent in Faraday geometi§l¢), demonstrating strict
angles betweer and the growth axiz. (a) solid (dotted line:  alignment of the electron spin alorzgA field component in
0" (07) excitation,oc”(o*) detection.(b),(c): crossed polarized cross direction is hence required to mix the spin states for
excitation and detection. Insert, lower part: PL spectrum under exallowing the Raman process. The three other field-induced
citation of the wetting layerf{wex=2.6 €V). Upper part: Experi- |ines labeled by 2, 3, and 4 represent the energetically lower
mentally derived allowed-forbidden splitting vs transition photon lying levels of the split-off exciton ground state. Their nature
energy. is discussed now in detail.
tions of a fixed magnetic field and resonant excitation, close Restricting the consideration on the heavy-hole subspace,
to the maximum of the broad nonresonant PL band. Besidefie Hamiltonian’ describing the EHX in combination with
the Rayleigh-scattered laser ligletxc), degenerated with the an external field can be written in the exciton spin basis
emission from the photoaccessed exciton state, a weak loW=2), |-1), [+1), and|+2) as

2.35 2.40 2.45 2.50 J
photon energy [eV] __.../.\L

a) 4(B,z) = 0°
b) 4(B,z) = 60°

c) 4(B,z) = 90°

secondary emission [arb. units] PL intensity

1 1 1 »
Eo— > gouBB; > Je,1 #BBx 0 > AE;.(e'f
1 1 1 »
E ge,LMBBx EO+AEa-f_ 5 01188, E AEa-ae € 0
1
1 ig 1 1 @)
0 P AE, & "% Eo+AE. ¢+ P g148B; > ge,J_MBBx
1 g 1 1
> AE; e ' 0 > e, #8Bx Eo+ > gou8B;

Without magnetic field, it decouples into two<2 Hamilto-  a,# ay). The phase angleg, and ¢, related to the prin-
nians, defining two doublets, the centers of which are sepaiple axes of the QD, enter the fine structure energies only in
rated by AE,_;, comprising short- and long-ranged the presence of a magnetic field, chosemBas(B,,0B,).
contributions>* The center of the optically forbidden dou- A marked feature of the above Hamiltonian is that the
blet, with wave functions being linear combinations of thepure|+1) and|+2) spin structure is regained for sufficiently
|£2) states, is chosen as reference endigy The zero-field strong fields in Faraday geometrid(=0), with the levels
splitting within the doublets can be written & ;> (B,  split by the Zeeman energies with the excitpriactorsg,
+By) andAE,. > (ax— ay)+(Bx— By), Where thea’s and  and g,, respectively. This allows an unambiguous assign-
B's denote the coupling constants of the long-ranged andhent of the fine structure lines in Fig. 1. We have, therefore,
higher-order short-ranged EHX, respectively. Therefore, aised circularly polarized excitation and detection in order to
symmetry lower tharD,q4 with (at least two nonequivalent address selectively the-1) and|—1) component in this ge-
axes in the QD plane is required fa&E, ,#0 (Bx+# By, ometry[see curvesa) in Fig. 1]. The line(2) almost disap-
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FIG. 2. Experimentally derivedcircles and calculatedlines)
energy separations in the fine structure of the exciton ground state FIG. 3. Ground state energy and short-ranged part of the
(see text Geometries are as in Fig. 1. allowed-forbidden splitting calculated for a CdSe half-sphere on a

two-ML wetting layer embedded in ZnSe. CdSe parameters used:

pears when changing frorr*,o~ (solid line) to ¢~ ,0"  electron(hole) mass: 0.13 (0.4%),. Conduction(valence band
(dashed lingfor counter polarization. Accordingly, no mea- offset: 0.735(0.135 eV. Dielectric constant: 9.6ag 3p=5.4 nm.
surable signal can be found for copolarizatiom®(o ™). The dotted area marks the region of transition ener@&#¢HM) in
These findings clearly identif{2) as being the lower state of the nonresonant excited PL spectrum, the dashed line marks the
the optically allowed doublet. Moreover, the strict disappear-calculated transition energy for a maximum splitting. The reference
ance of the dark staté€8) and(4) in this spectrum signifies data calculated for the excitthin a two-monolayer-thick quantum
the unimportance of light-hole—heavy-hole coupling and juswell are marked by arrows.
tifies the restriction on the abovex#4 Hamiltonian. On the
other hand, a nonzero magnetic cross componBgtQ) by linear polarization. Therefore, the difference between
creates a mixing betweeért 1) and|+2) so that the otherwise €ach of the calculated dark states and the center of the al-
forbidden states become directly visible in the optical speclowed doublet has to be used here. A quite perfect data fit is
tra. Since the heavy hole has no magnetic moment perpeigchieved for all three field geometries by the following pa-
dicular toz, this mixing is solely accomplished via the elec- rameter set: AE, ,=200ueV, AE;;=20ueV, AE.;
tron g factorge , . In the limit B,=0 (Voigt geometry, the ~ =1.92meV,g;=1.6,9,=5.2 andg, , =1.25. We note that
splitting provided by the remaining off-diagonal elements isthe value forAE; ¢ represents an upper limit for the zero-
too small for resolving the internal structure of the doubletsfield splitting of the forbidden states. The phase angles enter
We have found that a tilted field with an angle of about 60°0nly as ($,—¢;) and yield modifications below the experi-
relative toz is optimum to observe all four components of mental accuracy. No information about their values can
the exciton ground state. They are indeed clearly seen itherefore be given here.
spectrum(b) of Fig. 1, taken with linear polarization. Corre-  The g; value is in excellent agreement with data from
spondingly, the emission from the lower allowed st&eis Ref. 12. The simultaneous determinationggfallows us to
reduced here by with respect to spectrurta). We empha- derive the separate electron and hgldactors along the
size that the polarization properties of the secondary emisgrowth axis. Usingy;=ge— g, andg,=0.+ gy, this yields
sion in the various geometries are in full agreement with theg, ;= 3.4 andgy,, ,=1.8. The positive signs follow from the
predictions of the &4 Hamiltonian. fact that featuré2) was not observable at high fields in Far-

In Fig. 2, the energy separation of the lin@s3,4 from aday geometry forr~ excitation combined withr* detec-
the primarily excited state is given as a function of the mag+tion. Comparing the components of the electgpfactor, a
netic field strengttB. The dark level$3,4) become visible at huge anisotropy in QD’s turns oug{;/de  =2.7), which
B~4T, required for achieving a significaht 1) portion in  needs further investigation. We note that the confinement
the wave functions. The visibility of leveR) is instead an energy is already comparable to the bulk band gap in the
experimental problem, since a separation of about 360  present QD structures.
is necessary to separate this component from laser stray light. The zero-field splitting of the allowed doublet is 10 times
The parameters of the EHX argl factors are derived by larger than for the forbidden one. This fact proves unambigu-
fitting the data with the theoretical field dependence obtainedusly that the leading contribution in QD’s originates from
through diagonalization of thex44 Hamiltonian. While line the long-ranged EHX, whereas higher-order short-ranged
(2) in the plots of Fig. 2 directly corresponds to the energyterms play a minor role. The allowed-forbidden separation is
spacing of the allowed doublet, care has to be taken witlabout 15 times larger than the CdSe bulk value and about
respect to the dark exciton datd,4). In the geometriegb)  four times larger than fofZn,CdSe/ZnSe quantum wells®
and(c), both components of the allowed doublet are exciteddocumenting the presence of three-dimensional confinement.
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We have studied the size dependence in Voigt geometry biptal exciton energy as well as the fine structure splitting
moving the excitation photon energy across the QD PL bandgrow initially, reflecting stronger confinement. This ten-
While no significant change af,, is found, AE,; varies ~ dency, however, saturates whenreaches values below 2
smoothly across the band with a maximum on the low-Nnm, caused by an increasing penetration of the electron wave
energy sidegsee insert in Fig. 11 function into the wetting layer and barrier..WhiIe the to_tal
Our data on the allowed-forbidden splitting in epitaxial €N€rgy approaches monotonously the wetting layer exciton,
QD's, regarding both magnitude and size dependence, aréEa-r exhibits a maximum foR=1.5nm. For still smaller
markedly different from findings for CdSe nanocrystals inradii, marked by the dashed line parts in Fig. 3, delocaliza-
nonsemiconducting host$:® This is a consequence of the tion of the hole wave function also sets on, where our spe-
finite band offsets as well as the existence of a wetting layefific treatment provides less reliable results. We have there-
in the present heterostructures. For nanospheres with an ifore calculated the reference energiesRat0 for a two-
finite energy barrier, the short-ranged EHX contribution monolayer CdSe quantum well. While both magnitude as
scales like 1R, so that smaller species with higher transi- Well as the smooth size dependence are in very good agree-
tion energy exhibit a dramatic increase/, ;. Foramore ~ment with the experiment, there is a slight discrepancy for
appropriate analysis of our case, we consider a haIf—spher‘@e QD size range, being a sign for the simplification of our
on top of a two-monolayer-thick two-dimensional film, both model. _ _
of CdSe and embedded in ZnSe. Assuming cylindrical sym- In conclusion, we have resolved the complete fine struc-
metry, we refrain from treating the intradoublet splittings; it ture of the exciton ground state in epitaxially grown CdSe
allows us, however, to enumerateE, ; with reasonable QD’S. The sphttlng between optlca_lly allowed and forbidden
mathematical effort. For simplicity, we also ignore possibleStates remains one order of magnitude §maller than the ther-
modifications due to strain and alloying. Focusing on theMal energy at room temperature, ensuring that there are no

short-ranged contribution only, it follows that severe problems for light-emitting applications. The addi-
tional splitting of the allowed doublet arises from the long-

_ 303 ranged part of the EHX. A surprisingly large anisotropy is
AEa-f_ﬂ'AEa-faB,st d3r[ (1) (1) |2 () found for the electrorg factor of the QD exciton ground

state.
Here, ag 5p is the bulk exciton Bohr radius ang,, the

electron (hole) wave function. The single-particle Schro This work was supported by the Deutsche Forschungsge-
dinger equations are solved numerically by finite elemenimeinschaft within the project He 1939/10-1. The authors
methods accounting for the electron-hole Coulomb interacwould like to thank T. Koprucki, Weierstraf3-Institut Berlin,
tion in the effective electron potential. The result of the cal-for kindly supplying the computer program for the numerical
culation is depicted in Fig. 3. For decreasing radius, both theolution of the Schidinger equation.
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