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Photoluminescence Spectroscopy of Single CdSe Nanocrystallite Quantum Dots
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We collect and spectrally resolve photoluminescence from single CdSe nanocrystallite quantum dots.
The elimination of spectral inhomogeneities reveals resolution limited spectral linewidi¢ (ueV at
10 K) more than 50 times narrower than expected from ensemble measurements. Light driven spectral
diffusion is observed as a form of power broadening. These studies confirm the atomiclike nature of
the emitting state in CdSe nanocrystallites. [S0031-9007(96)01486-X]

PACS numbers: 73.20.Dx, 61.46.+w, 78.55.Et

Nanocrystallite quantum dots (QDs) synthesized agerent than epitaxially grown dots which, individually, do
colloids are particularly suited for the study of zero-show ultranarrow luminescence linewidths [13—17].
dimensional structures [1,2]. They can be produced in Since its introduction, single molecule spectroscopy has
macroscopic quantities with a high degree of repro-been successful in extracting new microscopic properties
ducibility and control, a uniform shape, and diametersfrom ensemble systems [18—-21]. In this Letter we use
that are tunable during synthegis15-100 A) in a nar-  far-field microscopy to image and obtain ultranarrow
row size distribution(<5% rms) [3]. In this size range, single dot luminescence (SDL) spectra from single CdSe
where the QD is smaller than the exciton Bohr diametenanocrystallites at cryogenic temperatures.

(112 A), the confinement energy of the electron and hole Two types of CdSe nanocrystallites were studied. The
is stronger than their Coulomb interaction, yielding truefirst, referred to as “standard dots,” were synthesized us-
zero-dimensional structures [1]. ing the method of Ref. [3] as single domain wurtzite crys-

Nanocrystallite QDs can be incorporated into a vari-tallites, slightly prolate along their unique crystal axis
ety of polymers as well as thin films of bulk semicon- (aspect ratio 1.1-1.2). The second, referred to as “over-
ductors [4]. They can also be manipulated into closecoated dots,” were prepared in the same manner, with
packed glassy thin films [5], ordered three-dimensionathe addition of a final layer of ZnS [22,23]. A ZnS or
superlattices (colloidal crystals) [6], or linked to form QD ZnSe capping layer has been found to produce dots that
molecules [2]. Exceptional flexibility and structural con- are more robust during processing [4], and, in the case
trol distinguish nanocrystallite QDs from the more tra-of ZnS, enhance the room temperature photoluminescence
ditional QD structures fabricated using epitaxial growthquantum yield, reported as high as 50% [22]. Both types
techniques. In addition, they facilitate the study of someof dots are surrounded by a passivating layer of organic
potentially novel QD physics, which may be difficult or ligands. Three size distributions of standard dots were
inaccessible with epitaxially grown dots (e.g., correlationused with average diameters of 39, 45, and 50 A. A
effects in QD molecules, miniband formation in closesingle distribution of overcoated dots was used (43 A).
packed QD arrays, etc.). Nanocrystallites were spin cast in hexane at extreme dilu-

An inherent complication in the study of ensembles oftion on top of a 500 A layer of poly(methylmethacrylate)
dots is the loss of spectral information resulting from struc-on a crystalline quartz substrate. The concentration was
tural and environmental inhomogeneities [7]. QDs, oftenchosen to produce a lateral dispersioh QD/um? to fa-
referred to as “artificial atoms,” are predicted to have dis-<ilitate spatial resolution using far-field optics.
crete, atomiclike energy levels, and a spectrum of ultra- Single QD images and spectra were obtained using
narrow transitions [8—10]. However, while the discretea far-field, epifluorescence imaging microscope. The
nature of the spectrum has been verified for nanocrystallitexcitation light (514.5 nm) was transmitted through a 95%
QDs [9], transition linewidths appear significantly broaderreflecting mirror (at an angle of 4pand focused by a
than expected. This is true even when size selective optlong working distance microscope objectildA = 0.7)
cal techniques such as fluorescence line narrowing (FLNfo a ~32 wm spot on the sample surface. The sample
[7] are used to extract homogeneous linewidths [7,9,11lwas mounted on the cold finger of a liquid helium
Previous attempts to obtain luminescence spectra froraryostat and cooled to 10 K. The luminescent image
single nanocrystallite QDs using two photon microscopywas collected by the same objective lens, reflected off
have also failed to reveal narrow features [12]. As a rethe mirror, and passed through a notch filter to remove
sult, broad linewidths were thought to be an inherent limi-excitation light. The image was then focused onto the
tation of colloidal QDs, making them inappropriate for useentrance slit of a spectrometer and detected with a liquid
in zero-dimensional devices such as optical switches onitrogen cooled charge coupled device (CCD) camera.
modulators. These dots were thought to be inherently difFor imaging purposes, the diffraction grating was replaced
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with a mirror, and the image was projected directly ontoover consecutive scans, some staying “dark” for as long
the CCD. Spatial isolation of a single QD along theas 10 min before resuming emission. They do not show
horizontal axis was achieved using the entrance slit of tha gradual dimming but rather an “all on/all off” behavior
spectrometer [see Fig. 1(a)]. It was usually possible t@onsistent with the fact that we are seeing single nanocrys-
align several QDs at different vertical positions within thetallites rather than aggregates of dots. This on/off behav-
closed slit. The diffraction grating was then reinstalled,ior is thought to be the result of QD photoionization [24].
and light from each vertical position was dispersed ontdNhile there was no noticeable difference in the behavior
the CCD [Fig. 1(b)]. In this way, it was possible to of the images between the three sizes of standard dots,
simultaneously obtain separate SDL spectra from severdihere was a dramatic increase in the luminescence signal
different nanocrystallites. of the overcoated sample-5x). This difference is at-

A typical image of standard dots can be seen intributed to the increased resistance to surface degradation
Fig. 1(a). Each bright spot corresponds to the luminesef overcoated dots [4]. These QDs appear to be robust,
cence from a single nanocrystallite. As can be seen, QDallowing us to monitor the luminescence from some dots
within the same image fluoresce with different intensitiesfor >1 h.
at 10 K (average~500 countg'sec~ 10° photongsec Figure 2(a) compares spectra taken using SDL and
emitted, assuming an isotropic source). Differences in [luFLN spectroscopy. As can be seen, the spectrum from
minescence intensity (LI) are attributed to variations in thean individual standard dot at 10 K shows a greatly
quality of the organic surface layer surrounding individualreduced linewidth over what is obtained using FLN
nanocrystallites [3]. Images of individual QDs taken with[25]. We clearly resolve the longitudinal-optical (LO)
an integration time of 0.5 sec appear to flicker on and ofpphonon structure of the SDL spectrum with a peak

spacing comparable to that of the bulk LO phonon
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FIG. 1. (a) Typical image of standard dots at 10 K with a 10K
0.5 sec integration time an#i50 W/cn? excitation intensity.

We detect~5% of the total photons emitted (assuming an
isotropic source) with a spatial resolution 6f0.5 um. The
wide black border represents the edges of the entrance slit of the

monochromator. The white dotted lines indicate the narrowed I |"
position of the entrance slit during spectrum acquisition. Note il L
that there are several vertically separated luminescent spots 20 21 22 23 o4 20 21 22 23 24
contained within the narrowed slit. Each of these spots ENERGY (eV) ENERGY (eV)
corresponds to luminescence from a single nanocrystallite.

Also note that there are two spots that are not verticallyFIG. 2. (a) Comparison of a SDL spectrum from the 45 A
separated, located near the top of the image, one bright spstandard dot sample taken 215 kwW/cn?¥ (bottom) vs FLN
near the left edge of the slit and one less intense spot ospectrum of a sample of comparable size (top). The small
the right edge. (b) Spectrally dispersed image of the sampleeak on the blue edge of the FLN spectrum is scattered ex-
shown in (a) with slits narrowed and a 60 sec integrationcitation light. (b)—(d) Ensemble spectra from three different
time. Each individual spectrum appears as a sequence aize distributions (43 A overcoated dots and 39 A and 50 A
spots separated by25 meV along the horizontal axis. These standard dots, respectively) with corresponding SDL spectral
spots correspond to the expected LO phonon progression. Theformation. (b) Ensemble spectrum with histogram of en-
appropriate rows of pixels are binned to produce SDL spectraergies of 513 SDL spectra obtained from that sample. The
Note that there is a SDL spectrum for each of the spots withirhistogram includes the scaled contribution of zero, one, and
the narrowed slit in (a). At the position where there are twotwo phonon lines from each dot. (c),(d) Ensemble spec-
spots of different intensity at the same vertical location, therdra with a representative set of SDL spectra obtained from
are two spectra of different intensity dispersed along the samthese samples. All SDL spectra were taken with a 60 sec
horizontal stripe. integration time.
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Several observations can be used as evidence that thi  100{7; | B i 5
SDL spectra result from single nanocrystallites. First, the 507 m 10K /§\ 25W/cm?
on/off behavior described above suggests that each spo 1 5 -
corresponds to a single QD. We can verify this behavior o M/\/\MW
in a particular QD prior to obtaining its spectrum. E *WW\M“WW“
Second, the SDL lines are so narrow that multiple QDs E M : 8
within the same spectrum are easily resolved. Finally, 2 Wﬂw
the total emission rate measured for the brightest dots E 4 9
(~5 X 10° photongsec at375 W/cn? peak intensity) is 2 WWMWW «MWMM
within (less than) a factor of 3 of the estimated value E 5 10
(assuming isotropic radiation, 100% quantum yield, and = www/\\ww :
an absorption cross section i~ > cnv). 2180021825 21850 21800 21825 _ 2.1850

Examination of a large number of SDL spectra shows - ENERGY (eV) ENERGY (V)

a distribution of emission energies that reproduces the en- g o) 10K D) 10K £ 10K
semble spectrum for each size sample [Figs. 2(b)— 2(d)]. 2 60'46mev

Figures 2(c) and 2(d) show a representative sample of § 30{ of |« 24 mev 094 mev

SDL spectra. All spectra (including those for overcoated Z ol W
dots) show qualitatively similar characteristics. Withina & AN !
sample, we observe differences in LO phonon coupling ~ 218 219 218 219 218 219

between QDs. Coupling constants range from 0.06 to 1.3 ENERGY (eV)

with an average of 0.488 (measured from the overcoateBIG. 3. (a) Five consecutive 1 min spectra of a single over-

sample). This number is consistent with those previouslyoated dot aé5 W/cn¥ excitation intensity. (b) The next five
consecutive 1 min scans of the same dasaw/cn? . (c)—(e)

reported using FLN [9]. L . . .

. ower resolution 1 min spectra of a single standard dot from
While narrower than FLN spectra, SDL spectra appeafhe 45 A sample at 314, 150, and W /cn?, respectively.

to be broadened as a result of spectral diffusion. Ob-

servation of SDL spectra reveals a shifting of the emis-

sion energy with time, which is reversible and variesThis behavior is consistent with a Stark effect. Low

from dot to dot. A similar, though smaller, effect is seentemperature Stark studies show a redshift in emission

in single molecule spectroscopy [18,19,26]. This simi-with an increase in phonon coupling and a decrease in

larity is unexpected as the exciton in QDs should havéand edge emission as electric field strength is increased

little interaction with the surrounding matrix. Spectral [28]. It is possible that we are observing a self-induced

diffusion provides further evidence that we are collectingStark effect resulting from changing local electric fields,

spectra from single nanocrystallites. Spectra collected si-

multaneously over many minutes shift independently of

each other. If the SDL spectra were from multiple dots, 1000 oK S T '

they should split into multiple peaks over time. This is not 508: ~/J§L ' :

observed. ) m P10
The rate and extent of spectral diffusion is highly AA Y :

power dependent with a small number of QDs at higher
intensities (2.5 kW/cnm?) shifting as much as 60 meV
over several minutes [26]. Figure 3(a) shows the zerc
LO phonon line (ZPL) of a single overcoated dot over
5 min at65 W/cn? excitation intensity. A narrow peak
can be seen abruptly shifting in energy over a range of
~2 meV, usually appearing at several discrete positions 2 P
within a single minute. If the excitation intensity is A
reduced to25 W/cn?, the extent of spectral shifting 3 q 16
decreases [Fig. 3(b)]. At lower resolution and/or longer - : , : A :
integration times, this shifting appears as a form of power 2.1 2.2 2.3 2.1 2.2 2.3
broadening [Figs. 3(c)—3(e)]. Similar to single molecule ENERGY (eV) ENERGY (eV)
spectroscopy and spectral hole burning, the linewidth of|G. 4. Sixteen consecutive 1 min spectra of a single standard

a SDL spectrum depends on the time over which thelot from the 39 A sample &5 kW/cn?. Insets show magni-
measurement is made [19,27]. fication of they axis by the indicated amounts. The progres-

Figure 4 shows sixteen consecutive 1 min SDL spectr%ion shows a large, reversible redshift over time accompanied
y a decrease in LI and an increase in phonon coupling. As

6_“ 2.5 kw/cnv, demonstra}ting a reversi'ble redshift OVerine spectrum begins to shift back to higher energies, there is a
time. As the spectrum shifts red, there is a correspondingorresponding increase in emission with a complete recovery of

decrease in total LI and an increase in phonon coupling.l and phonon coupling.

INTENSITY (counts/min)
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In conclusion, we have demonstrated the atomiclik
nature of the emitting state in CdSe nanocrystallite QDs:
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