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Fluorescence spectroscopy and transmission electron microscopy
of the same isolated semiconductor nanocrystals
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We present a method to establish a correlation between the crystalline structure and the fluorescence
properties of isolated semiconductor nanocrystals. By using ultrathin silicon nitride substrates with
markers, we have localized and investigated the same particles in both a high-resolution
transmission electron microscope~TEM! and a confocal optical microscope. We have found that the
observation of strong fluorescence emission does not require single domain particles. Additionally,
we have correlated the size and shape of a particle as determined by TEM and its spectral properties
like emission wavelength and spectral diffusion. ©2002 American Institute of Physics.
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The development of nanotechnology strongly depe
on a detailed understanding of the physical properties of m
ter in the transition regime between molecular species
the solid state. Since small changes in the size and struc
as well as morphological properties of nanoscopic obje
can already lead to large changes in their electronic and
tical properties, the investigation of nanoscale ensemble
often severely aggravated by sample inhomogeneities.
can very clearly be seen for semiconductor nanocryst
which can be synthesized via a wet chemical approach
size regime between 1–10 nm in diameter leading to a va
tion of the band gap by more than 1 eV.1 Although, e.g.,
CdSe particles can be prepared with a size distribution of
than 5%, sample inhomogeneities due to slight difference
size, crystallographic orientation, and also in the chem
nature of the particle surface influence most physical m
surements.

Therefore, several microscopic techniques have b
employed to explore structural and electronic properties
individual particles. For the structural part, high-resoluti
transmission electron microscopy~HRTEM! has proven to
be the most powerful tool to determine the size and shap
well as the crystal structure and orientation
nanocrystals.2,3 Likewise, fluorescence microscopy of sing
particles has revealed many interesting optical proper
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which usually are hidden in the ensemble average.4 For ex-
ample, it could be shown that the fluorescence intensity
single particles is fluctuating which is attributed to a red
tribution of charges in and around the particles.5 However,
the investigation of one and the same nanocrystal in bo
transmission electron microscope~TEM! and also a fluores-
cence microscope has not been reported so far.

The CdSe nanocrystals~NCs! were prepared following
standard methods and covered with nominally 3 monolay
of ZnS.6 Absorption and fluorescence measurements of to
ene solutions of the particles have indicated an average
diameter of 6.5 nm7 and a fluorescence quantum yield
more than 50%. For a combined investigation of the sa
individual particles in both, a TEM and an optical micro
scope, the choice of the substrate is of major importan
First, the substrate needs to be suitable for both kinds
measurements, i.e., it has to be highly transparent for
electron beam and it should neither show any autofluo
cence nor quench the fluorescence of the particles. Sec
the substrate need to be labeled with markers to trace
same particles in the different microscope. For this purpo
we used ultrathin~20 nm! silicon nitride (Si3N4) membranes
with Pd/Au electrodes as markers.8 Si3N4 is transparent at
the laser excitation wavelength hence showing a low fluor
cence background and also gives a low contrast in
TEM micrographs. For sample preparation a sm
droplet ~50 ml! of a colloidal solution of nanocrystal
(;1028– 1029 mol NCs/l) was carefully placed onto th
Si3N4 membrane and allowed to evaporate leading to w
separated matrix free NCs on the substrate. Although
absence of a matrix to embed the particles~typically a poly-
mer film! was mandatory for the TEM measurements,
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caused a problem in the optical measurements due to
creased irreversible photocorrosion of the particles. To m
diate this problem, all optical measurements were condu
under a continuous argon flow at room temperature.9

The confocal optical microscope is based on an inver
microscope equipped with a piezoscanner as describe
detail elsewhere.9 For coarse approach, the sample is illum
nated in a wide field mode where the markers on the s
strate can clearly be seen and the piezoscanner including
sample is positioned with anx/y translation stage. To recor
a fluorescence image, the microscope was used in the co
cal mode and the sample was raster scanned through
excitation focus with the piezoscanner. The fluoresce
light was collected with the same microscope object
~Zeiss Epiplan, 1003,NA50.9!, separated from back re
flected excitation light by a glass longpass filter~OG 590!
and guided to a photon counting module and a spectrog
equipped with a charge coupled device camera.

The sequence of the microscopic investigations tur
out to be of crucial importance, because no fluoresce
could be detected from particles, which had been inve
gated by TEM before. This effect might be caused by
detachment of the molecular ligands under electron bo
bardment in the TEM since it is well known that molecul
ligands have a strong influence on the fluorescence quan
yield even though the particles are covered by ZnS.10 There-
fore, the optical investigations were always performed bef
the TEM measurements.

In the optical image in Fig. 1~a!, four isolated fluoresc-
ing nanocrystals can be seen. The electrode pattern o
same sample area can clearly be seen in Fig. 1~b!, where the
longpass filter was replaced and the image is dominated
the backscattered excitation light. Since the same subs
areas are scanned in Figs. 1~a! and 1~b!, both images can be
overlaid to determine the position of the luminescing sp
with respect to the electrodes. The size of the fluoresc
spots is about 400 nm@full width at half maximum
~FWHM!# but the position, i.e., the center of the spot can,
principle, be determined with a much higher accurac11

However, due to a nonsystematic shift between the fluo

FIG. 1. Localization of CdSe/ZnS NCs in the optical microscope. The fl
rescence image~a! shows fluorescence signals of four~single! emitters
(lex5488 nm, I 558 W/cm2, 2563256 pixel2,2 ms/pixel!. The reflection
image~b! shows the position of the marker electrodes.
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cence and the reflection image, the position of the lumine
ing particles could only be determined with an accuracy
6200 nm.

Figure 2~a! shows a low-resolution TEM micrograph o
the same sample area as in Fig. 1 with the positions of
fluorescing spots marked by circles. The blur elongated f
ture is due to residues on the back side of the Si3N4 mem-
brane related to the substrate fabrication. The TEM imag
Fig. 2~b! shows an enlarged part of the sample where,
cording to the optical image@see Fig. 1~a!#, one of the fluo-
rescing nanocrystals is expected. Actually, within the ran
of the position uncertainty of the fluorescence spot mar
by the circle, a single dark spot is found, the HRTEM ima
@Fig. 2~c!# of which gives clear evidence for a nanocryst
Outside the range of the circle drawn in Fig. 2~b!, the arrows
point to three further dark spots in the image. In this conte
it is noted that a recent correlation of optical and force m
croscopy has shown that, in general, only a fraction of 30
50% of the particles fluoresce at all12 which might also be
true for the particles investigated in this study. However,
TEM investigation has shown that, e.g., the features labe
2 and 3 in Fig. 2~b! are not semiconductor nanocrystals b
might rather be formed during the substrate preparation
marker deposition.

The HRTEM image of the luminescing semiconduct
particle in Fig. 2~c! shows a pattern of lattice fringes whic
can not be explained by a single-crystal domain. A detai
analysis of the nature of the involved stacking faults can
performed by calculating TEM pictures of a given crys
structure13 and is currently in progress.14 Irrespective of this
analysis the results clearly demonstrate that a fluoresce
intensity sufficient for single-particle detection does ob
ously not require a single-domain structure for the nanocr
tal. This finding has been corroborated by studies of furt
particles, where stacking faults or even polycrystallinity d
not prevent efficient fluorescence emission.14

-

FIG. 2. Localization of single CdSe–ZnS NCs in the TEM.~a! Same sample
area as in Fig. 1~Phillips CM20,36,6k, 120 kV!. The circles denote the
positions of fluorescing particles.~b! Maginified area of the substrate, wher
a luminescing NC is expected.~c! High resolution TEM of the particle
marked in~a! ~JEOL 4000 FX,31350k, 400 kV!.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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In Fig. 3, the TEM image of another nanocrystal is d
played together with the fluorescence spectra and the in
sity transient of the same particle. This particle could
measured for more than 3 min while the fluorescence sp
trum of the particle shown in Fig. 2~c! could not be recorded
probably due to rapid photocorrosion. The TEM microgra
in Fig. 3~a! reveals an almost spherical particle with
blurred shadow on the upper right-hand side part proba
due to imperfectly grown ZnS. The spherical part shows
coherent lattice fringes in diagonal consistent with a dia
eter of of 8.9 nm since the lattice spacing of CdSe~100!
layers is 0.37 nm. The average of 20 fluorescence spectra~10
s each! of this particle in Fig. 3~b! is centered at around 1.
eV. An accurate correlation between the CdSe core size
the emission wavelength is difficult because the layer thi
ness of the ZnS shell is not precisely defined. Howev
based on theoretical considerations and experime
results,7 the value of 1.9 eV should correspond to a Cd
core diameter of 7.5 nm. Accordingly, the thickness of t
epitaxially grown ZnS shell around the particle should
close to two monolayers.

A fit to the average fluorescence spectrum yields an
most Gaussian line shape with FWHM590 meV @Fig. 3~b!#

FIG. 3. Combined TEM and fluorescence investigations~a! HRTEM picture
of a CdSe/ZnS core shell particle with coherent lattice fringes~Technai
F30ST,3900k, 300kV!. The shadow on the upper right-hand side might
due to an imperfect ZnS shell.~b! and~c! Fluorescence spectra of the sam
particle as in~a! recorded for 200 and 10 s, respectively.~d! Spectral and~e!
intensity fluctuations recorded simultaneously by guiding half of the fl
rescence light to an avalanche photodiode and a spectrograph, respec
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which is relatively broad for a single-quantum dot even
room temperature.15 In contrast, for each of the 10 s spectr
we find an almost Lorentzian line shape. For the spectr
shown in Fig. 3~c!, the linewidth amounts to 45 meV but it i
changing from spectrum to spectrum. Even more pronoun
are the fluctuations of the emission maximum~spectral dif-
fusion! and intensity~blinking! plotted as a function of time
in Figs. 3~d! and 3~e!. In low-temperature experiments, spe
tral diffusion in semiconductor nanocrystals has been
plained by a reorganization of local electric fields in
around the particles16 while crystal defects have been di
cussed to be a reason for spectral diffusion in single s
assembled epitaxially grown dots.17 Considering the TEM
micrograph of the particle in Fig. 3~a!, the blurred feature
which was attributed to an imperfect growth of ZnS eas
could constitute a defect structure in this particular nanocr
tal and might cause the spectral and intensity fluctuation

To get more supporting evidence of such a picture, it w
be most important to study the spectral features of nanoc
tals free from defects. In addition, further experiments
combined optical and TEM work will focus on the correl
tion of crystal structure and orientation of the emission
pole for the same individual nanocrystals.
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