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Structural and spectroscopic investigations of CdS/HgS/CdS quantum-dot quantum wells
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Epitaxial growth in a CdS/HgS heterostructure of nanometer dimensions, prepared by methods of wet
chemistry, is demonstrated. High-resolution transmission-electron microscopy is used to determine the shape
and crystallinity of this system consisting of a quantum well in a quantum dot. The homogeneous absorption
and fluorescence spectra are investigated by transient hole burning and fluorescence line-narrowing spectros-
copy. The photophysical measurements provide evidence for charge-carrier localization within the HgS well.
[S0163-182606)51420-7

The electronic and structural properties of semiconductor In this paper we first use high-resolution transmission-
nanocr%/stals have been intensively studied within the last 18lectron microscopyHRTEM) to investigate the structure of
years™* The still increasing interest in this class of material these particles. The results show that epitaxial growth of
is due to the size-dependent optical properties in the regimguantum wells in nanocrystals does indeed occur, provided
where the nanocrystal is smaller than the bulk exciton. Aghe crystallites have well-defined faceted shapes to begin
the size of the nanocrystal is decreased, quantum confinevith. We then present size selective absorption and fluores-
ment of the charge carriers causes a blueshift of the absorgence spectra measured by transient hole burning and fluo-
tion onset of up to 1 eV and the development of discretaescence line-narrowing spectroscopy to demonstrate that the
features in the optical spectra. electronic excitation is concentrated in the shell of HgS.

The size dependence of the physical properties of nano- The synthesis of the QDQW'’s is described in detail
crystals has been studied in high-quality samples, which caalsewheré? The first step is the preparation of the CdS cores
be prepared by colloidal solution chemistry. With such meth-by reaction of a cadmium salt with % in aqueous solution.
ods it is possible to prepare nanocrystals, e.g., CdS and typical HRTEM micrograph of a CdS nanocrystafig.
CdSe, of any diameter between 2 and 10 nm with less thafi(a2)], shows a triangular feature against the speckled back-
5% size distributior?:* In these samples the nanocrystal sur-ground arising from the amorphous carbon substrate. The
face is covered with organic ligands, which make the parspacings and angles between lattice lanes show that the
ticles soluble and prevent aggregation. These particles camanocrystal is aligned along tti&10 axis of the zinc-blende
also be used as building blocks for more complex structuresrystal structure of CdS. The decrease of contrast in going
such as superlatticé$. They have also been used in elec- from the apex to the base implies a decrease in thickness.
tronic devices such as light-emitting diod¢£D’s).”8 This suggests that the nanocrystal is a tetrahedron terminated

This chemical flexibility comes at the expense of surfacein (111) surfacegFig. 1(al)]. This shape represents a natural
passivation. The large organic molecules used to make the/ulff polyhedrort! in which only(111) surfaces, either cad-
particles soluble do not match the close packing of the inormium or sulfur terminated, are present. Since anionic poly-
ganic atoms on the nanocrystal surface. This leaves songhosphate ligands are at the surfaces of the nanocrystals, the
surface sites unsaturated, which can lead to trapping dfest explanation for the observed morphology is to assume
charge carriers on surface dangling bonds. In planar strughat the exposed surfaces are cadmium rich, as illustrated.
tures such as quantum wells, epitaxial growth of one semiThe corresponding HRTEM simulatith[Fig. 1(a3] agrees
conductor on top of another is used to passivate these surfaeéth this interpretation of the experimental image, but only a
states. Recent theoretical work suggests that it is possible small fraction of the crystallites are aligned along the proper
create analogous structures in quantum dots, using concearystallographic axis to allow the shape to be discerned. 75%
tric shells of alternating materials to build up a confinementof that fraction showed the triangular projection wittil1)
potential® surfaces and a mean edge length of 5044/ ¢ 17%). The

Weller and co-workers have used colloidal chemistryremaining structures can be assigned to truncated octahedra
technigues to prepare samples in which a shell of HgSnd heavily faulted crystals.

(Egap=0.5 €V) is embedded in a CdSE(,,=2.5 eV) quan- The basic morphology is preserved in the next step of the
tum dot® (Fig. 2, inse}, forming a “quantum-dot quantum synthesis, in which the surface cadmium ions of the CdS
well” (QDQW). Analogous to planar quantum wells, the crystallites are exchanged with mercury. This can be done by
strong confinement of the charge carriers within the embedaddition of mercury ions to the solution because HgS has a
ded HgS region should lead to well-separated electronitower solubility than CdS. Figure(tt) shows a model of the
states that are not influenced by surface effects. Previouslgtructure resulting from single monolayer substitution.
chemical evidence had been used to argue that the expect@dthin the statistical error, the mean size and size distribu-
CdS/HgS/CdS shell structure was produced, but the detailetibn is unchanged. However, defect structures become more
morphology and electronic structure have yet to be deterprevalent and 64% of the oriented particles have tetrahedral
mined. shape.
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FIG. 1. HRTEM study of the structural evolution of the CdS/HgS/CdS nanostructure. The micrograph of a CdS cor@@ustéribits
tetrahedral morphology, which is in agreement with the TEM simulata®). The corresponding molecular modgll) shows that all
surfaces are cadmium terminatéd.1). (b) shows a model of the CdS particle after surface modification with Hg. A typical micrograph of
a tetrahedral CdS/HgS/CdS nanocrystal is showft2) along with a corresponding mod@l). Model (d1) and micrograptd?2) represent
a CdS/HgS/CdS nanocrystal after twinned epitaxial growth. The arrow marks the interfacial layer exhibiting increased contrast due to the
presence of HgS, in agreement with the simulatid®. No contrast change is seen in a simulation of a model with all Hg replaced by Cd
(d4).

The final coating of these particles is carried out by add-change is reproduced in the simulation of the HRTEM image
ing excess cadmium ions to the solution and growing CdS ofiFig. 1(d3)], while the same model with cadmium in place of
top of the HgS layer via slow kB injection. This reaction the mercury shows no such contrast chalfgg. 1(d4)]. The
takes place at pH 5.5, where the chemical equilibria are suckimulation for the tetrahedral modgtig. 1(c)] shows a mild
that nucleation of new CdS particles is suppressed. 63% afontrast change, but it is undetectable above background
the resulting nanocrystals show tetrahedral sh&jg 1(c)]. noise in the experiment.

The average size increases to 62-A/(24%) edge length. These structural studies demonstrate that the low band-
Furthermore, no “amorphous region” can be detected in anygap HgS layer is epitaxially embedded in the larger gap CdS.
of the micrographs, suggesting epitaxial growth of the layersQuantum confinement requires that the corresponding optical
The close match of the CdS and HgS lattice parameterspectrum will exhibit discrete structure with a threshold
(apgs—5.852 A ,a cys=5.818 A and the presence of fac- higher in energy than the bulk HgS band gap of 0.5 eV. The
eted crystallites with only one exposed plane favor thisevolution of the inhomogeneous absorption spectrum during
growth mode. the course of preparation is shown in Figit@p). The initial

Half of the nontetrahedral nanocrystals show a differentCdS core particle$Fig. 1(a)] are comparable to the bulk
structure similar to that in Fig.(dl). Here twin faults on the exciton dimension(diameter =50 AT and exhibit little
tetrahedral surfaces have resulted in the final CdS layerguantum confinement from the bulk band gap of 2.5 eV.
growing out of phase with the core. This arises by introduc-When the surface CdS is replaced by HgS the spectrim
ing one layer of hexagondvurtzite) stacking into an other- 1(b)] shifts red of the bulk CdS gap. The final CdS “cap-
wise cubic(zinc-blendé structure and does not lead to a lossping” leads to a further redshift in the absorption spectrum
of passivation, as no bonds are broken. The cap layers oof 0.5 eV[Fig. 1(c)]. Note that the growth of surface CdS,
adjacent faces are crystallographically mismatched and canvhose bulk band gap is 2.5 eV, leads to a decrease of the
not grow into each other. A model for this structure is shownfirst electronic transition to approximately 2 eV. This can
in Fig. 1(d1). When viewed along thé110) crystallographic only be observed in systems with low dimensionality in
axis, two of the HgS planes are viewed edge-on and thahich the confinement effect is reduced by an enlargement
initial CdS core can clearly be seen as a triangle. Close inef the systen?.Furthermore, the nanocrystals show lumines-
spection of the micrograph shows a line of enhanced contrasence(Fig. 2, c) with quantum yields of several percent at
along the twin faul{Fig. 1(d2), arrow] corresponding to the room temperature. This is a direct result of the surface pas-
higher contrast of mercury relative to cadmium. The contrassivation because the outermost CdS “cap” eliminates non-
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energy (eV) broad probe beam. The HB spectrum of Fig. 2 shows a nar-
Ls 25 3 row band centered at the pump energy, which is associated
' 0.5 with particles having the first electronic transition at the ex-
citation frequency. The homogeneous linewidth of 55 ¢m
(7 meV) is a small fraction of the width of the inhomoge-
neous absorption spectrum and is comparable to other colloi-
dal nanocrystals of the same size. This supports a model in
which the linewidth is not related to surface effects but can
be explained by a coupling of the electronic transition to
low-frequency acoustic modes. In this model the homoge-
neous linewidth shows a strong size dependenc®°j1/
which leads to the observed broadening in this size
regimel®t’
In addition to the resonant line, vibrational side bands are
0 resolved in the HB spectra. The appearance of the side bands
reflects the strong coupling of the electronic excitation to LO
phonons, which results from the distortion of the ionic lattice
| upon the alteration of the charge distribution in the sample.
FLN The observed vibrational frequency of 250 Chis identical
- to the bulk LO mode of Hg$253 cm™1)8 and much lower
than the CdS LO frequend®00 cm™).*3 Phonon confine-
ment may lead to a small redshift of the LO mode. However,
as the redshift is only a few cnt, the observed phonon is
consistent with a HgS-like mod&In nanocrystal alloys, Ra-
man studies show the existence of two modes with frequen-
cies close to those of the pure compounds, and intensity ra-
tios proportional to the compositidfi.In our case, a single
HgS-like mode is observed, despite the fact that the Hg cat-
13500 14500 15500 16500 ion fraction is only 20%. This supports a picture of localized
excitation in the thin HgS layer, coupling to the HgS-like
mode. In quantum wells grown by molecular-beam epitaxy,
aman measurements exhibit a vibrational fine structure as-
gned to various LO and interfacial vibrational modén
shift relative to the CdS core particlea)( The absorptiond) and 'Ei)g:] lI_i|rI13e %Xop:;?;n;’"g\:\? rgg?usilignbga;;;;?fngr rt:(()e d:gsgg_

emission spectray),,=514 nm of the final CdS/HgS/CdS are also man m rements in th tructur well theoretical
shown. Bottom: FLN and HB spectra at the red edge of the inho- an measurements hese structures as well as theoretica
tudies of the electron-vibrational coupling will be useful in

mogeneous absorption of the CdS/HgS/CdS structure with arrows . . .
marking the excitation energy. In the FLN spectrdaft spectrun understanding the extent of charge-carrier localization.

some of the laser light was detected, indicating the Stokes shift 1€ Phonon progression is also observed in the FLN ex-
between the excitation and the zero-phonon line. The HB spectrurR€fiment. FLN achieves optical selection by tuning the laser
(right) shows a narrow resonant hole centered at the excitation ewavelength to the red part of the inhomogeneous absorption
ergy and well-resolved phonon side bands with the frequency of th&Pectrum, thus exciting a small subset of crystafitésee
bulk LO phonon of HgS250 cm 1), Fig. 2. We extract a 255-cm* LO phonon mode for the
first two peaks, which varies to slightly lower frequencies for
higher vibrational levels. This result suggests that not only
the absorption, but also the radiative recombination of elec-
radiative surface traps from the HgS layer recombination retrons and holes takes place centered in the HgS well region.
gion. Thus the complete heterostructure exhibits spectrahn additional interesting feature of the FLN spectra is the
features at the expected energy but does not show the diappearance of a 150-cth(19 me\) shift between the exci-
crete structure required by quantum confinement. As weation frequency and the first emission-peak position. This
demonstrate below, the broadening is due to variations ifiStokes shift,” which has also been observed in other nano-
size and morphology of the CdS/HgS/CdS crystallites in theerystal systems, can be explained by assuming that the emit-
sample. Using hole burningHB) and fluorescence line- ting state is different from the absorbing state. In this inor-
narrowing(FLN) spectroscopy, we have investigated the ho-ganically passivated system, the relatively large Stokes shift
mogeneous"single particle”) optical properties for absorp- may support a model in which this is not related to surface
tion and emission and these do display the expected opticalffects but is rather an intrinsic property of semiconductor
features. nanocrystal$3 The CdS cap layer is still thin, however, and
In the transient HB experiment, excitation by a nanosecthe possibility still exists for mixing with surface states,
ond pump pulse depopulates the ground state of a distinavhich act as traps for the charge carriéts.
“homogeneous” set of particle$:'® The missing transitions In summary, the HRTEM data and the homogeneous
appear as a bleach in the absorption specttanspectral optical measurements demonstrate the existence of epi-
hole) recorded a few nanoseconds later with a spectrallyaxially grown nanocrystals fabricated by wet chemical
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FIG. 2. Top: Evolution of the inhomogeneous absorption spectr%i
during the synthesis. The HgS-covered particles €xhibit a red-
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methods. The realization of a potential well within a quan-that the advanced concepts for tailoring materials developed
tum dot allows one to manipulate the electronic properties byor planar structures can also be applied to lower-

variation of the CdS core, the HgS shell, and the outer Cdgimensional systems, in a way that is compatible with wet

layers. Naturally, this leads to additional sources of inhomo<hemistry.

geneity, in particular, slight variations in the HgS layer thick-  The authors acknowledge the support of the ONR/
ness will cause substantial spectral shifts. An additionaBerkeley National Lab Molecular Design Institute. The
source of inhomogeneity is possible variations in the mor-TEM’'s were collected at the National Center for Electron
phology. However, the homogeneous photophysical meamicroscopy. A.M. thanks the Deutsche Forschungsgemein-
surements have shown that the intrinsic electronic propertieschaft(DFG) for financial support. U.B. thanks the Fulbright
of colloidal semiconductor nanocrystals can be altered by th€oundation for financial support. We acknowledge useful
formation of complex heterostructures. These results suggedtscussions with Dr. S. H. Tolbert and Dr. N. C. Greenham.
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