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Single-dot spectroscopy of CdS nanocrystals and CdS/HgS heterostructures

Felix Koberling, Alf Mews,* and Thomas Basche´
Institut fuer Physikalische Chemie, Welderweg 11, 55099 Mainz, Germany

~Received 24 December 1998!

The low-temperature fluorescence of single CdS nanocrystals and of single CdS/HgS/CdS quantum well
quantum dots~QDQW’s! where an atomic monolayer of HgS is embedded in a CdS nanocrystal is compared.
The fluorescence spectrum of the CdS nanocrystals depends strongly on the laser excitation intensity. At high
excitation intensity several fluorescence lines can be detected. The total fluorescence intensity of the CdS
particles is fluctuating and can be interrupted by dark periods as long as seconds. The spectral and intensity
fluctuations are strongly reduced for the QDQW’s which can be explained by charge carrier localization in the
HgS region of the nanocrystals. At lowest excitation intensity the linewidth can be narrowed down to sub meV.
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I. INTRODUCTION

Colloidal semiconductor nanocrystals with dimensio
smaller than the bulk exciton show unique optical proper
which depend strongly on the size.1,2 The change of the elec
tronic level structure can be explained by the strong confi
ment of the charge carriers in all three dimensions. Recen
multiband effective mass approximations have been de
oped to explain the size-dependent absorption spectr
II-VI ~Ref. 3! and III-V ~Ref. 4! semiconductor nanocrysta
in great detail.5

Besides the size quantization, surface effects are
known to influence the optical properties of these nanom
particles. It has been shown recently that especially the fl
rescence emission of the nanocrystals is sensitive to the p
ence of defects which might arise because not all of
dangling bonds on the particle surface can be saturate
molecular ligands.6 For example it was proposed that the lo
fluorescence quantum yield of approximately 10% was
to radiationless recombination centers on the surface.7 To
suppress surface effects, inorganic passivation has been
lized where the nanocrystals have been covered with a
band gap material.8–10 It could be shown that the fluores
cence quantum yield was increased dramatically becaus
the atoms of the ‘‘active core’’ were in a well ordered cry
tallographic environment.

Parallel to the core-shell particles a nanocrystal sys
has been developed, in which only a layer of a low band
material~HgS! is spherically embedded in a CdS nanocrys
leading to a quantum well within a quantum dot~QDQW!.11

In these particles the photoexcited charge carriers are
pected to be mainly localized within the HgS well12 which
should have a pronounced effect on the optical propertie
the particles.

By employing appropriate microscopic techniques it
cently became feasible to image the fluorescence of si
semiconductor nanocrystals.13–17 These experiments demon
strated the importance of single dot luminescence studies
an increased understanding of optical interactions in se
conductor nanocrystals. Effects such as blinking of the fl
rescence emission13 or spectral shifts of the luminescenc
lines15,17 have been reported. The line shifts which reach
PRB 600163-1829/99/60~3!/1921~7!/$15.00
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values of more than 50 meV were explained by a random
changing excited state dipole built up by electronic cha
carriers in different surface traps.17 As these shifts were no
only observed in bare nanocrystals but also in core-s
structures, there is obviously still a probability for the char
carriers to get trapped on surface sites as the thickness o
passivating layer is only a few atomic monolayers. Additio
ally, the spontaneous spectral diffusion caused by charge
riers in surface traps is still on the same order of magnitu
as for uncoated nanocrystals because the polarizability of
inner core is still the same as in bare particles.

In this work we compare the single dot luminescen
spectra of bare CdS nanocrystals with those of CdS/H
CdS nanocrystals. In the QDQW’s the reduced polarizabi
is expected to influence the spectral diffusion of the lumin
cence line. We show that the spectra change dramatic
upon embedding just a single monolayer of HgS into a C
quantum dot even though the stochiometric fraction of
HgS is only 15%. The results suggest that the charge car
can indeed be locally confined within a quantum dot
building up complex nanocrystals of different materials.

II. EXPERIMENTAL

The synthesis of the CdS particles and the CdS/H
QDQW’s has been described in detail elsewhere.18 Briefly it
starts with the preparation of the CdS cores in an aque
solution by addition of H2S gas to a dissolved cadmium sa
in the presence of hexametaphosphate~HMP! which serves
as an inorganic molecular ligand. The reaction is carried
in a 2 l flask equipped with a septum, pH meter, and a g
inlet to purge the ultra pure water with argon before t
reaction takes place. First 231024 mol/l cadmium perchlor-
ate and the same amount of HMP are dissolved in 2 l of
water and than the pH is adjusted to a value of 9.4. T
injection of 9 ml H2S gas leads to a rapid nucleation of Cd
clusters which grow in the next 10 min to almost unifor
size of approximately 5~61! nm in diameter. An emission
and absorption spectrum of the colloidal CdS solution
shown in Fig. 1. In the next step the surface of the partic
is modified by addition of dissolved mercury ions which r
place the surface cadmium ions thus forming a monolaye
1921 ©1999 The American Physical Society
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HgS because the solubility of HgS is much lower than tha
CdS. Finally the surface is covered with CdS by growi
additional CdS on top of the HgS thus forming the fin
QDQW’s. From Fig. 1 it can be seen that the absorption e
and the emission is shifted to lower energies upon emb
ding a single layer of HgS.

The particles were dispersed on a quartz cover slip
mounted on a piezoscanner of a low-temperature conf
microscope19 with a scan range of 535 mm2 at 10 K. In the
confocal geometry the excitation and detection volume
determined by a diffraction limited spot size (diame
'l/2) and therefore the background fluorescence from
substrate and interfering fluorescence from further nanoc
tals in the vicinity of the one investigated is strongly su
pressed. In addition this geometry allows us to record sin
dot emission spectra with varying excitation intensities up
50 kW/cm2 by directing the fluorescence light to a spectro
eter equipped with a liquid-nitrogen-cooled charge-coup
device~CCD! camera.

FIG. 1. Ensemble absorption and emission spectra of CdS
ticles ~a! with a diameter of 5~61! nm and of CdS/HgS/CdS
QDQW’s @~b! diameter: 6.5~61! nm#. The absorption onset and th
emission frequency shift by almost 1 eV upon embedding a sin
atomic monolayer of HgS into the CdS nanocrystals.
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In the first step of the experiment the sample is scan
through the excitation spot and the total fluorescence is
tected with an EG&G avalanche photodiode~APD! to record
a fluorescence image. Figure 2~left! shows a fluorescenc
image of isolated CdS particles where the laser intensity
excitation atl5442 nm was 1.5 kW/cm2. The picture con-
sists of 1283128 pixels and the integration time per pixel
10 ms. The upper spectrum in Fig. 2~right! shows the inte-
grated emission spectrum while scanning, which is recor
simultaneously with picture 2~left! by using a beam splitte
and directing 42% of the fluorescence light to the APD a
55% to the spectrometer. In this way it is also possible
record the integrated fluorescence of a single particle a
function of time ~fluorescence time trace! and the corre-
sponding spectra at the same time. The two lower spectr
Fig. 2 ~right! which stem from the two isolated nanocrysta
marked in Fig. 2~left! were recorded with an excitation in
tensity of 0.25 kW/cm2 for 20 s each.

III. EMISSION OF SINGLE CdS NANOCRYSTALS

On the right side of Fig. 3 emission spectra of a sing
CdS nanocrystal at different excitation intensities at 20 K
shown (lexc5442 nm). At low excitation intensity a single
emission line can be detected whereas several additi
lines appear at higher intensities. One might argue tha
high excitation intensity the multiplet of lines is due to em
sion of nanocrystals excited in the wings of the excitati
profile. We can rule out this possibility because the sum
spectra from the potentially accessible emitters in the vic
ity of a given nanocrystal does never correspond to the sp
trum of this nanocrystal at high excitation intensity.

In addition to the spectral changes upon variation of
citation intensity, the total fluorescence intensity fluctuates
well. On the left hand side of Fig. 3 fluorescence time tra
and the corresponding spectra for different detection ti
windows are shown. At lowest excitation intensity the flu
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FIG. 2. Spatial selection of single CdS nanocrystals on a quarz cover slip. The picture on the left shows a fluorescence image o
CdS nanocrystals recorded via scanning in a low-temperature confocal microscope (T520 K). The total fluorescence was excited at 442 n
and detected with an EG&G/APD. The picture consists of 1283128 pixels~dwell time: 10 ms/pixel!; the excitation intensity while scannin
was 1.5 kW/cm2. 55% of the fluorescence light was directed to a spectrometer during the scanning process resulting in theS spectrum on
the right. The spectraA andB were taken after moving the scanner to the bright spots marked in the fluorescence image. The ex
intensity was adjusted to 0.25 kW/cm2 and the acquisition time was 20 s. At these conditions a second emission line can be seen
spectra which is shifted by 5 meV to the blue of the main peak.
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FIG. 3. Evolution of the emission spectra of single CdS nanocrystals at different excitation intensities (T520 K, lex5442 nm). On the
right-hand side it can be seen that several spectral lines appear at higher excitation intensity. In order to compare the time-
fluorescence intensity with the spectra, part of the light~42%! was directed to the APD while taking the spectra. The results on the left s
that the total fluorescence only fluctuates at irradiation intensities above 1 kW/cm2. At very high power the particle emission sometimes tur
‘‘off’’ for several seconds before it stops completely. Additionally, fluorescence spectra for several time periods were taken. The sp
the bottom~left! show that there is no direct correlation between the total fluorescence intensity and the intensity distribution betw
various fluorescence lines.
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rescence intensity is almost constant in time whereas
higher laser power the fluorescence can be interrupted
dark periods as long as seconds. Additionally, it can be s
that intensity fluctuations between the different emiss
lines cannot be directly correlated with the correspond
time trace. For example, at an excitation intensity of 0
kW/cm2 the fluorescence time trace shows almost no fluct
tion whereas the intensity distribution between the differ
emission lines fluctuates dramatically.

The origin of the different spectral lines is not clear y
Empedocles and Bawendi performed fluorescence meas
ments on single CdSe nanocrystals which showed that
spectral position can undergo spontaneous shifts in the ra
of 75 meV.17 This ‘‘spectral diffusion’’ was attributed to
charge carriers trapped in various surface states of the
ticle. Depending on the actual trapping geometry th
charges polarize the excited state differently thus shifting
luminescence lines in the same way as an applied exte
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electric field~Stark effect!. The spacing between the variou
spectral positions of the CdS nanocrystals investigated in
work is on the same order of magnitude suggesting t
trapped charge carriers might also be responsible for
spectral fluctuations. On the other hand, the spectral p
tions of the single CdS particles do not shift continuously
can be seen from Fig. 3. At high excitation intensity there
still some structure discernible in the spectra. Actually, un
these conditions any spectrum of the 10 nanocrystals wh
have been investigated in all detail can be fitted reasona
with four distinct peak positions.

The distinct spectral positions might be due to distin
surface trap sites of the CdS particles which are not sphe
in shape. From TEM measurements is was shown that z
blende-type CdS particles can be described as truncated
rahedra where the 111 surfaces are eventually formed
cadmium cations.20 The truncated corners would then be su
fur rich and could serve as distinct hole traps. By arrang
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FIG. 4. Fluorescence spectra and fluorescence time traces of CsS/HgS/CdS QDQW’s at different excitation intensities (T510 K, lex

5633 nm). Compared to the CdS spectra in Fig. 3 the QDQW’s show much less intensity fluctuations and a single fluorescence
phonon replicas to the low-energy side can be observed at any excitation intensity. The phonon frequency is 28565 cm21 and the coupling
~Huang-Rhys! parameter is 0.2560.05.
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the charge carriers in the appropriate trap sites electric fi
may be created that lead to certain transition frequencies
a first estimate we calculated the effect of point charges
opposite sites of a CdS tetrahedron on the transition frequ
cies. The field strength of two point charges separated b
distancer ~50 Å! is of the order ofz553107 V/cm where
we used a value of«510 for the dielectric response of th
CdS nanocrystal. If we assume that the excited state is d
calized over the whole particle, i.e., the polarizability volum
a is in the range of 53105 Å 3, the frequency shiftDE
5 1

2 az2 can indeed be estimated to be in the range of
meV. This crude estimate, however, contains a numbe
uncertainties as field orientation, particle morphology or
exact value of the dielectric response of the quantum
which could easily change the result by more than one o
of magnitude.

Another explanation for the origin of the multiple ban
might be the recombination of biexcitons and/or lumine
cence of higher excited one-pair states. The evolution
multiple luminescence bands at high excitation intensi
has been investigated by Windet al. for CdSe
nanocrystals.21 Besides the well known 1S3/2

h -1Se transition,
i.e., the transition from the lowest excited state, two m
transitions at higher transition energies and another trans
at lower energies have been observed. The band at lo
energies was attributed to the recombination of two-p
states and those at higher energies were attributed
ds
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2S3/2
h -1Se recombination and higher excited two-pair-state

In fact, a similar model could also explain the single Cd
nanocrystal spectra as the spacing between the distinct
sitions and the number of bands do not vary randomly fr
dot to dot. The reproducible evolution of the small peak
higher energies, which can be clearly seen for both na
crystals in Fig. 2, was already reported in our first pape16

Contradictory to the work of Windet al. we attributed this
transition to biexcitonic emission according to Ref. 22.

So far it remains an open question which mechani
could explain the observed features. The intensity fluct
tions seen on the left hand side of Fig. 3 suggest that
radiation channels for one single dot switch on a time sc
of seconds which favors the surface model. On the ot
hand, there seems to be no direct correlation between
fluorescence intensity and spectral position such that the
minescence could still come from defined intrinsic electro
states. Extended theoretical work including calculations
the dielectric response of nanoscopic materials and en
levels of two-pair states is needed to explain the fluoresce
features of the CdS quantum dots.

IV. COMPARISON OF SINGLE CdS NANOCRYSTALS
WITH SINGLE CdS/HgS QDQW’s

As can be seen from Fig. 4 the fluorescence spectra
fluorescence time traces of the QDQW’s are totally differe
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as compared to the CdS particles. The spectra were tak
T510 K upon irradiation withl5633 nm. While the CdS
spectra change dramatically upon increasing laser powe
CdS/HgS spectra do not fluctuate at all and a well resol
phonon progression can be observed in all spectra. At
same time the fluorescence time traces show much les
tensity fluctuations. The noisy appearance of the upper t
trace in Fig. 4 as compared to the data in Fig. 3 is due
higher time resolution for the QDQW measurements an
lower fluorescence intensity. For the QDQW system besi
intensity dependent measurements~0.02–50 kW/cm2! we
also performed experiments between 1.4 and 50 K and u
different excitation wavelengths~442 nm, 520 nm, 633 nm!.
None of these measurements showed a remarkable effe
the fluorescence spectra and fluorescence time traces.

The phonon side bands reflect the coupling of the e
tronic transition to the ionic lattice via ‘‘Froehlich-type’’ in
teraction. The observed frequency of 285~1/25! cm21 is
the same as was recently extracted from a detailed ana
of line narrowed fluorescence spectra~FLN! of an ensemble
of nanocrystals.23 The Huang-Rhys-parameter, i.e., the co
pling strength was found to be 0.25~1/20.05! and was cal-
culated from the intensity ratio of the zero- to the on
phonon line. It is a remarkable result that the emiss
frequency is much closer to the LO-phonon frequency
bulk CdS ~300 cm21! ~Ref. 24! than bulk HgS~250 cm21!
~Ref. 25! whereas the phonon frequency in absorption is
most identical to the HgS mode, which has been shown
hole burning experiments.23 These results strongly support
model in which the ground state phonon frequency is diff
ent from the excited state frequency. Using the phonon
quency as a ‘‘ruler’’ for localization it seems that the QDQ
ground state is delocalized over the whole nanocry
whereas the excited state charge carriers are localized in
HgS quantum well. Very recently ultrafast experiments ha
been performed which support this model.26

Comparing Figs. 3 and 4 it is obvious that the embedd
of just one monolayer of HgS changes the spectra dram
cally as the charge carriers are eventually confined in
small HgS region of the QDQW. From effective mass calc
lations it was shown that the probability of presence for
electrons and holes should be more than 50% in the H
region.12 This effect would strongly reduce the polarizabili
of the whole particle thus reducing spectral diffusion p
cesses produced by charge carriers in surface traps. In a
tion, the outermost CdS layer acts as a tunneling barrier
the charges which reduces the probability of trapping. St
effect measurements on the QDQW system could verify
assumption.

There is another issue which has to be addressed here
which relates to the ‘‘homogeneous’’ fluorescence spectr
as extracted from previous FLN experiments in compari
to the single dot emission spectrum. In order to derive
‘‘homogeneous’’ emission spectrum from the measured F
data a fitting or deconvolution procedure had to be used.23 In
this process a broad unstructured and redshifted fluoresc
component was needed in addition to a ‘‘theoretical’’ sing
particle spectrum to reproduce the FLN data. Basically,
any ensemble fluorescence measurement on CdS~Ref. 7! and
CdS/HgS/CdS~Ref. 11! dots, a broad unstructured fluore
cence band was observed which was attributed to ‘‘trap
at
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luminescence.’’ From these ensemble measurements it
argued that the trapped- and the band-edge luminesc
might come from the same nanocrystal emitting at differ
radiation channels.27 In the single dot experiments present
here the particles either show the defined ‘‘band-edge fl
rescence’’ as can be seen in the Fig. 4 or the broad unst
tured ‘‘trapped’’ luminescence. Sometimes the broad feat
evolves for single particles after they have been investiga
for a long time at high excitation intensities. These resu
suggest that the broad fluorescence at longer wavele
stems from imperfect crystallites with, e.g., oxidized surfac
which can either be formed already during preparation or
light irradiation ~photooxidation!.

V. HIGH RESOLUTION SPECTRA

The width of the CdS and CdS/HgS fluorescence l
strongly depends on the excitation intensity as can be see
Fig. 5. Spectrum~I! in Fig. 5~a! ~bold line, hollow spheres!
stems from a single CdS nanocrystal excited with 125 W/c2

which results in a full width at half maximum~FWHM! of
10 meV. The spectra~II ! and ~III ! were recorded at 7.5
W/cm2 ~thin line, solid spheres! and 13 W/cm2 ~dotted line!,
respectively. Obviously the linewidth can be reduced d
matically at lower laser intensity which has already be
demonstrated for CdSe particles.15 In addition we could ob-
serve an influence of the measured FWHM on acquisit
time which can be seen by comparing the spectra~II ! and
~III ! in Fig. 5~a!. The excitation intensity of these two spect
is on the same order of magnitude and the spectra were
corded back to back but the center wavelength is shifted
1.7 meV. This type of spectral diffusion appears to be d
ferent from the observation of the various spectral lines d
cussed in Sec. III, where the separation of the luminesce
lines was more than 50 meV. The spectral diffusion sho
here leads to a broadening of each fluorescence line
function of acquisition time and could be due to slig
changes in the dot environment. This broadening mechan
is strongly reduced for the QDQW’s. For lowest excitatio
intensities and very long acquisition times we measured li
width on the order of 1 meV for CdS nanocrystals and le
than 0.5 meV for the QDQW’s as can be seen in Fig. 5~b!.

Especially for the CdS/HgS QDQW’s where the lin
broadening due to spontaneous spectral diffusion is redu
a strong asymmetry of the fluorescence line can be obser
A similar line shape has been found in a number of inorga
and organic materials28,29 and is commonly described a
‘‘Urbach rule’’ behavior. Different theories about this lin
shape were reported in the early 1970s and the effect
either explained by a coupling of excitons to acoustic mo
through the deformation potential of local lattice distortion30

or by exciton ionization via electric microfields.31 The elec-
tric microfield theory was developed for bulk materials,
which impurities or long wavelength LO phonons larger th
the exciton dimensions were discussed to be sources fo
ionization. As the investigated nanocrystals are in the ra
of or smaller than the bulk exciton, we favor the model
thermally excited acoustic phonons to be responsible for
asymmetric luminescence tails. As the quantum yield is
unity obviously not all the energy deposited in the nanocr
tal by photoexcitation is converted into fluorescence light.
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FIG. 5. High resolution fluorescence spectra of single CdS particles@~a! T520 K, lex5442 nm# and single CdS/HgS/CdS QDQW’s@~b!
T510 K, lex5633 nm#. The CdS spectra were recorded at an excitation intensity of 126 W/cm2 for 120 s@~I! bold line, hollow spheres#, 7.5
W/cm2, 600 s@~II ! thin line, solid spheres#, and 13 W/cm2, 600 s@~III ! dotted line#. The linewidth can be reduced to approximately 1.5 m
at very low excitation intensity. The shift of the spectra at lowest excitation intensity which were recorded back to back show
linewidth also depends on the acquisition time. The QDQW spectra show much narrower lines at low excitation intensity: The s
recorded at 246 W/cm2, 120 s@~I! bold line, hollow spheres# can be narrowed down to less than 0.5 meV at 6 W/cm2, 1800 s@~II ! thin line,
solid spheres#. The spectra clearly show an asymmetric tail towards lower energies.
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high excitation intensities the lack of temperature equilib
tion might result in a heating of the particle and a creation
acoustic lattice vibrations. According to Ref. 30 the t
could then be explained by self trapping of the exciton
energetic levels below the band gap which are produced
these acoustic phonons.

Alivisatoset al.have described a formalism to explain th
size dependent absorption linewidth of semiconduc
nanocrystals via deformation potential coupling which rel
heavily on elastic constants of a sphere.32 For the CdS/HgS
QDQW’s the morphology is very complex and the mater
constants are not known in all detail. Therefore in a fi
estimate we used bulk CdS data33 to calculate the exponen
tial luminescence tails using the ‘‘empirical Urbach rule’’ fo
different temperatures.30 According to this very preliminary
model, the temperature of the investigated QDQW’s co
exceed a value of several tens already at an excitation in
sity of 500 W/cm2. This local heating would explain why w
could not observe a dependence of the line shape upon
tation at different wavelength or different He-bath tempe
tures up to 50 K. The results suggest that a study of
genuine line shape can only be done at lowest excita
intensities.

VI. SUMMARY

In this paper we have reported the fluorescence of p
CdS nanocrystals with dimensions in the range of the b
exciton and of quantum dot quantum wells where one mo
layer of HgS is embedded into a CdS nanocrystal. W
single dot spectroscopy we could observe pronounced di
ences in the emission properties which can be explained
localization of the excited charge carriers within the nan
crystal upon embedding just one monolayer of HgS.

For the CdS nanocrystals up to five transitions could
observed at high excitation intensity (I.1 kW/cm2) where
-
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the reason for the different emission channels is not clear
In a first model, charge carriers in surface traps might
responsible for the different transition frequencies by cre
ing an internal Stark effect. In accordance with the hu
polarizability of the nanocrystal ('105 Å 3) single charges
on opposite sides of a CdS tetrahedron could lead to
different transition frequencies. The measured intensity fl
tuations between these transitions on a time scale of sec
support this model. For CdS/HgS/CdS on the other ha
frequency jumps are not present even at highest laser po
This result supports the assumption that the charge car
are indeed localized within the nanocrystal thus reducing
polarizability and the frequency shifts produced by elect
microfields if created at all in these particles. In additi
there is much less probability for the charge carriers to tun
through the passivating outer CdS layers. In a second mo
the different transition frequencies for the CdS nanocrys
could come from higher excited one- or two-pair stat
Along these lines the QDQW’s would behave differently b
cause the strong quantization in the HgS well would lead
energetic levels which are much more separated than th
of the CdS nanocrystals whose dimensions are already in
range of the bulk exciton.34,35 In any case the emission spe
tra of the QDQW’s consist of discrete transitions and a w
resolved phonon progression~285 cm21! with a frequency
close to the CdS LO phonon~300 cm21!. The coupling of the
emission to CdS-like phonons suggests that the ground s
of the QDQW’s is delocalized over the whole particle.

At lowest excitation intensity the linewidth of the nano
crystal emission can be reduced to less than 1 meV. For
CdS nanocrystals the linewidth is determined by spontane
spectral diffusion and therefore strongly depending on
acquisition time. For the QDQW’s where the spectral diff
sion processes are strongly reduced we could observe
asymmetric line broadening to the low-energy side upon
creasing excitation intensity. This effect could be explain
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by acoustic phonons created through nonradiative relaxa
of the excitation energy which might be responsible for p
tential fluctuations thus producing localized states below
delocalized exciton level.

Extended theoretical work is needed to explain the diff
ent electronic transition frequencies and the nature of
ground state. The results of effective mass calculations, h
ever, strongly depend on the input parameters~Luttinger pa-
rameters, spin-orbit splitting, etc.!36 which are still uncertain
especially for cubic CdS and HgS.34 Therefore tight binding
.
.

s.

m

s

.

s

e

,

n
-
e

-
e
-

calculations where different particle morphologies and s
face effects could be considered as well might be very he
ful to understanding the optical properties of the CdS/H
nanocrystals.
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