316 1.1, Birmingham

1.

15.

16.

17
18.

19.

2L

22.

23,
24,

Dowling K, Dayel MJ, Lever MI, French PMW, Hares JD, Dymoke-Bradshaw AKL
(1998} Fluorescence lifetime imaging with picosecond resolution for biomedical appli-
cations. Optics Letters 23(10):810-812

Lakowicz JR, Berndt KW {1991) Lifetime-selective fluorescence imaging using an rf
phasc-sensitive camera. Rev Sci Instrum 62(7): 1727-1734

Clegg RM, Feddersen B, Gratton E, Jovin TM (1992) Time resolved imaging fluores-
cence microscopy. SPIE 1640:448—460

Morgan CG, Mitchell AC, Murray JG (1992) In-situ fluorescence analysis using nano-
second decay time imaging. Trends Anal Chem 11(1):32-41

Gadella TWJ, Jovin TM, Clegg RM (1993} Fluorescence lifetime imaging microscopy
(FLIM): spatial resolution of microstructures on the nanosecond time scale. Biophys
Chem 48:221-239

Verveer PJ, Squire A, Bastiaens PIH (2000) Global analysis of fluorescence lifetime
imaging microscopy data. Biophys J 78:2127-2137

Neumann M, Herten DP, Dietrich A, Wolfrum J, Sauer M (2000) Capillary array scan-
ner for time-resolved detection and identification of fluorescently labelled DNA frag-
ments. ] Chromatography A 871:299-310

Lassiter SJ, Stryjewski W, Legendre BL, Erdman R, Wahl M, Wurm J, Peterson R,
Middendorf L, Soper SA (2000) Time-resolved fluorescence imaging of slab gels for
lifetime base-calling in DNA sequencing applications. Anal Chem 72:5373-5382

. Piston DW, Sandison DR, Webb WW (1992) Time-resolved fluorescence imaging and

background rejection by two-photon excitation in laser scanning microscopy. SPIE
1640:379-390

. Dong CY, So PTC, French T, Gratton E (1995) Fluorescence lifetime imaging by

asynchronous pump-probe microscopy. Biophys J 69:2234-2242

. Buurman EP, Sanders R, Draaijer A, Gerritsen HC, van Veen JJF, Houpt PM, Levine

YK (1992) Fluorescence lifetime imaging using a confocal laser scanning microscope.
Scanning 14:155-159

Vroom JM, de Grauw KJ, Gerritsen HC, Bradshaw DJ, Marsh PD, Watson GK, Bir-
mingham JJ, Allison C (1999) Depth penetration and detection of pH gradients in
biofilms by two-photon excitation microscopy. Appl Env Micro 65(8):3502-3511
Abramowitz M, Stegun 1A (1965) Handbook of mathematical functions. Dover, New
York, p 80, formula 4.4.10

Haykin § (1983) Communication Systems. I Wiley, New York, pp 364-371

Blackman RB, Tukey JW {1939} The measurement of power spectra from the point of
view of communications engineering. Dover, New York, pp 31-33

Boas ML (1983) Mathematical methods in the physical sciences. J Wiley, New York,
pp 81-95

. Birmingham ) (1997) Frequency-domain lifetime imaging methods at Unilever Re-

search. J Fluorescence 7(1y:45-54

Wilson T, Neil MAA, Juskaitis R (1998) Real-time three-dimensional imaging of mac-
roscopic structures. J Microscopy 191(2):116-1 18 _
Neil MAA, Squire A, Juskaitis R, Bastiaens PTH, Wilson T (2000) Wide-field optically
sectioning fluorescence microscepy with laser illumination. J Microscopy 197(1):1-4
Tweed DG (1984) Resonant scanner linearization techniques, SPIE 498:161-168
Harris P, Sipior J, Ram N, Carter GM, Rao G (1999} Rev Sci Instrum 70(2):1535-

1539

CHAPTER 19

Spectral Imaging of Single CdSe/ZnS Quantum

Dots Employing Spectrally- and Time-resolved
Confocal Microscopy

W.GJHM. van SARK, P.L.T.M. FREDERIX, M.
HEUVEL, A. MEJERINK, AND H. C. GERRITSEN

A spectrally- and time-resolved stud i

. y of single CdSe/Zn$ quan ]
(QDs) is presented. To this end a versatile, hi ronmon
'coupled to a confocal laser-scannin
in-house and is especially develo

: gh sensitivy spectrograph is
gdn}]croscope. The spectrograph is built
! ped for use in flu i
IThe hlgl"l sensitivity is achieved by using a prism forotl::ﬁ:;zr:;ir(;?fﬁez;
in combination with a state-of-the-art back-illuminated charge-coupled sc—
vice (CCD) camera. The detection efficiency of the spectrograph, includin
th.e CCD camera, amounts to 0,77 20.05 at 633 nm. Full emissi})n s ectri
with a 1-5 nm spectral resolution can be recorded at a maximur;l rate c?f 800
spectra per second. The spectrograph can easily be fiber-coupled to an
confocal laser-scanning microscope. g
The_ spectral characteristics of the QDs are studied in two different ambi-
ents: a:_r a.nd nitrogen. For QDs in ambient air, a clear 30 nm blue-shift in
the emission wavelength is observed, before the luminescence stops after
about 2If3 minutes due to photobleaching. In a nitrogen atmosphere, the
plue shift is absent while photobleaching occurs after much longer ti’meﬁ
1e., 19—15 minutes. These observations are explained by photo—inducéci
oxidation. The CdSe surface is oxidized during illumination in the presence
of oxygen. This effectively results in shrinkage of the CdSe core diameter
l:)y :!lmosl [ nm, ar'ld consequently in a blue shift. The faster fading of the
fumme.scenc.e in alr'su_ggests that photo-induced oxidation results in the
ormation O.f non-radiative recombination centers at the CdSe/CdSe() inter-
f;;c.e. In a nitrogen atmosphere photo-induced oxidation is prevemedxby the
ai Ser{ce gf oxygen. Additionally, a higher initiai light output for CdSe/ZnS
QDs in air is observed. This can be explained by a reduction of the lifeti
of the long-lived defect states of CdSe QDs by oxygen. "

A.H. ASSELBERGS, D.J. VAN DEN
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19.1
Introduction

Nanometer-sized semiconductor quantum dots (QDs) nowadays are extensively
studied [1-4]. The change in the electronic structure as a function of QD-size is
most evident from the variation of their emission wavelength [2, 5-7], and is the
basis for many new applications in physics, chemistry, and biology, see, e.g., [8].
Due to the confinement of electrons and holes in the nanocrystallites the energy-
level scheme resembles that of an atom, with many discrete energy levels. The
separation between energy levels increases as the particle size decreases. As an
example, the radius of the bulk Bohr exciton amounts to 5.6 nm for CdSe [6],
hence nanocrystallites with a size smaller than the Bobr radius, will show quantum
confinement effects. Dabbousi et al. have shown that CdSe QDs with a diameter
of 2.3 nm fluoresce at 470 nm, and QDs with a diameter of 5.5 nm fluoresce at
610 nm [5]. Capping of CdSe QDs with a few monolayers of ZnS increases the
quantum efficiency considerably to values exceeding 50% [9, 10].

The tunability of the optical properties of QDs by changing their size also
makes them difficult to study. A prerequisite for the study of QDs is the ability to
produce them with a narrow size distribution (< 5%). Variations of size and shape
within ensemble samples result in extensive inhomogeneous broadening of ab-
sorption and emission spectra. Measuring spectra of single QDs can circumvent
these effects. Since Bianton et al. [11] and Nirmal et al. |12] showed that it is pos-
sible to measure single QD emission spectra, the study of the luminescence of sin-
gle semiconductor QDs has revealed many interesting properties that cannot be
observed for an ensemble of QDs. Phenomena of fundamental interest such as
spectral diffusion and blinking {on—off behavior [13, 14]) are also important for
potential applications of single quantum dots as luminescent labels in biological
systems [10, 15-17].

Most studies on spectral diffusion have been performed at cryogenic tempera-
tures. Random spectral diffusion at low temperatures has been related to blinking
and therefore the ionization of quantum dots due to Auger processes [12-14, 18—
20. As a result of the ionization and subsequent recombination processes, the
charge distribution around the QD changes, resulting in a spectral (Stark} shift of
the emission [20, 21]. A clear relation between blinking (explained by photo-
jonization) and the occurrence of a spectral jump has been established. At room
temperature less information is available on spectral diffusion of single QD lumi-
nescence. A non-random blue shift of about 1015 nm has been reported (12, 22],
which was attributed to photo-oxidation of the quantum dot.

The measurement of single QD emission spectra is just one example of the
many applications in fluorescence microscopy that require multiple wavelen.gth
band detection. Other examples include the simultaneous imaging of m_ultlp]e
probes in morphological studies, the quantification of ion concentrations using the
ratio of the fluorescence signal in two emission bands imaging [23], the measure-
ment of nanometer co-localization by means of Forster Resonance Energy Trans-
fer (FRET) [24] and the very recently observed FRET between QDs and organic
dyes [23, 26].
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A common and simple way to implement the detection of multiple wavelength
bands is the use of multiple emission filters. However, in general the bandwidth of
the er.mssion filters is comparatively broad and the number of wavelength bands
used in the imaging experiment is limited. The number of wavelength bands that
can <be detected (simultancously) limits the number of parameters that can be
monitored. Importantly, the broad emission bands of organic fluorescent probes
often overlap. This complicates the separation of multiple spectra, Moreovgr the
broad detection bandwidth and limited number of detection channels do not ailow
assessment of the shapes of the emission spectra. Therefore, no direct indication of
unexpected spectral shifts or the presence of artifacts such as auto-fluorescence or
scattered excitation light is present in the images. This may result in the misi
pretation of the observed intensities, C e

The measurement of complete emission spectra under the microscope can be
u'sed 10 solve thgse problems [27-34], However, the acquisition of reliable emis-
sion spe(ftr-a. requires the detection of a large number of photons. This restricts both
the acquisition rate of the images and the number of images that can be recorded
before 2 fluorescent probe is photobleached.

[1.1 this chapter we describe a highly sensitive spectrograph that is optimized for
use in (s_canm'ng) fluorescence microscopy. The high sensitivity is achieved by us-
Ing a prism for the dispersion in combination with a back illuminated CCD cam-
era, .Complete emission spectra with a 1-5 nm resolution can be recorded with
rmlhsecond- dwel! times. The spectrograph is connected to a commercial confocal
laser-scanning microscope (CLSM). Several of its unique features will be eluci-

m me-res l Study at room- mp a v p
da[ed at C-reso ‘ied te erature OI CISS1OoN spectra 01 443 lf

19.2
Experimental

19.2.1
Spectrograph-CLSM Set-up

19.2.1.1
Description

T:re Spectrograph was designed and constructed in-house, Two important design
p a;neters_ were the wavclgngth range and the spectral resolution. As the spectro-
graph was intended for use in biological studies, they were set to 450—750 nm. and

: 2 microscope, dwell
onsidered acceptable. Another
Y. as in fluorescent microscopy

Fimes per pixel of up to a few milliseconds were ¢
Important consideration was the detection efficienc
only a limited number of fluorescent probes are present per pixel, i i

from one to several hundreds. This limits the number of available ;ah:t;; Fanillng
photobleaching effects will reduce the number of photons. Finally, in ordr«:-m 12:(2
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cord a reliable emission spectrum a comparably large amount of photons are to be
detected. Further detailed design considerations can be found elsewhere [35, 36].
On the basis of these considerations a back-illuminated CCD camera was chosen
as the detector, and an antireflection-coated prism as the dispersive element.

For flexibility reasons the entrance of the spectrograph was equipped with a
standard multimode fiber adaptor. Light emerging from the fiber (or directly cou-
pled light) was collimated by a 100 mm F/2.5 achromatic iens (Melles-Griot}).
Next, the light was dispersed by the prism and focused on the CCD camera by an
identical lens. Note that the fiber end was projected on the camera without magni-
fication.

An equilateral SF10-glass prism (Linos), operating at minimum deviation con-
ditions, dispersed the light. The minimum deviation wavelength was chosen at 550
nm. For this wavelength the angle of incidence at the entrance surface equaled the
angle of emergence at the exit surface. For the prism employed here, this yielded
an entrance angle of 60.1 degrees. The interfaces of the prism were coated with a
single layer MgF,-coating, to enhance the transmission. The lengths of the legs of
the prism (60 mm) limited the numerical aperture of the spectrograph. The usable
prism width was slightly (i.e., about 1 mm) diminished by the fact that the dis-
persed beam was wider than the beam before dispersion. From the focal length of
the collimating lens and the length of the legs of the prism a maximum numerical
aperture of 0.14 was found for the beam of light entering the spectrograph.

The spectrograph was equipped with a Peltier cooled, back-illuminated CCD
camera {Princeton Instruments NTE/CCD-1340, 16 bit ST133 controller, readout
noise 6~ at 1 MHz ADC). The CCD chip was 1340 pixels long in the dispersion
direction (horizontal) and 100 pixels high (vertical) and had 20x20 pm’ square
pixels. The spectral measurements were carried out on a small sub-area of the
CCD chip of less than 10 pixels high and between 50 and 400 pixels long. The
pixels in the direction perpendicular to the dispersion direction were always hard-
ware binned. Moreover, hardware binning can be employed in the dispersion di-
rection as well, albeit at the price of a loss of spectral resolution. To gain speed,
the sub-area was positioned at the corner of the CCD-chip closest to the readout
amplifier. To facilitate alignment of the CCD-chip it was mounted on two or-
thogonal translation stages. In order 10 select another wavelength region the cam-
era was simply translated with respect to the prism.

The experiments presented here were all recorded using a confocal laser-
scanning microscope (CLSM, Nikon PCM2000, in combination with a Nikon Op-
tiphot 2 microscope). The CSLM scan head was equipped with a standard sing_le-
mode fiber adaptor for excitation and two multimode fiber adapters for coupling
the emission light to the (remote) detectors. The first of the two detection channe_ls
was coupled to the spectrograph. A schematic diagram of the set-up is shown in
Fig. 19.1.

A 50 pum core diameter fiber patch cord equipped with standard connectors on
both ends (Thorlabs, FG-050-GLA) was used to interface the spectrograph to the
CLSM. Because of the comparatively large fiber core diameter of 50 um, the
alignment of the fiber was not critical. The fiber adapter at the CLSM was manu-
ally adjusted to optimize the fluorescence signal. Furthermore, the numerical aper-
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Fig. 19.1. Schematic overview of the experimental sef-up. The excitation light from the

rplxefi gas Argon-Krypton laser is guided to the CLSM by a single mode fiber. An excit:
tion tllu_:r z.md a neutral density filler (ND) can be placed in the excci[a[ion beam -Each O?II‘(:E;
two em:ssml? paths can be equipped with a longpass or bandpass emission ﬁl[(;l' Detectio
channel I of the CLSM is connected to the spectrograph and channel 2 is com-]ected to 7
PMT. Channel | and 2 are selected by the insertion of a mirror or beamsplitter in the e:mi.:l

sion path, respectively. The lenses of the CLSM are omitted from the picture for clarity

Egrigf the light emerging from the CLSM (< 0.12) and that of the spectrograph
.14) were rez i ] i

e ¢ reasonably matched. This ensures efficient coupling of the two de-
CLThe pixel clock pulses generated by the CLSM were used to synchronize the
SM and the CCD camera controller. The CLSM was used for acquiring 2D

spectral images (2D-mode) or for time resolved spectral analysis of small volu
elements (time-mode). The wavelen

magnification and the numerical a

me
gth, the confoeal pinhole size, the objective
perture of the objective determine the spati
: _ ‘ . spatial
ir::olg_[?f)n. Th_u njeasurgmen[s discussed below, were carried out with a 60x oil
inr}r:c;mon ohlecllvei (le(_)n PlanApo 1.4 NA) and with the larger of two available
pinholes (50 pm). The axial and lateral resolutions were estimated to be approxi-
mapt;iy I um and 0.3 um, respectively. ‘
mw; f\rgon-I\ryp{on mixed gas laser (Spectra Physics, 2060-10SA) used here
{th es a large numbq of exeitation wavelengths (400-650 nm). A single mode
l,- L(lj guided the laser light 1o the CLSM. The excitation light v\j'as reﬂthcd t
wards the sample by the buili-in dichroic mirror of the ::0 ) 3

; : f P o o
(Nikon). Typical laser powers at the sample ranged from 1—10()n L bt

W,
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19.2.1.2
Performance

The main factors determining the spectral resolution of the device are the fiber-
core diameter, the dispersion of the prism, the focal lengths of the lenses and the
pixel size of the CCD camera. in addition, the resolution also depends on the
number of pixels binned in the dispersion direction. Here, a fiber with a 50 pm fi-
ber-core diameter is used at the input of the spectrograph. It is projected on the
CCD without magnification. The projection of the fiber-core on the CCD is larger
than the pixel size; i.e., monochromatic light spreads out over more than one pixel.
In the following, results are presented which have been taken from Frederix et al.
[35]. Further details can be found there as well.

Scattered laser light at 476.5 nm, 514.5 nm and 632.8 nm yielded peaks with a
full width at half maximum (FWHM) of 2.2 £ 0.1 pixels in the dispersion direc-
tion after binning vertically over 8 pixels. The FWHM is close to the ratio of 2.5
between the fiber-core diameter and the pixel size.

The non-linear spectral bandwidth per camera pixel was calculated using the
angular dispersion of the prism [37]. the focal length of the second lens, the ca-
mera pixel size. This pixel bandwidth is shown in Fig. 19.2. The spectrograph is
operated at a fixed geometry of the prism and lenses. Therefore the shape of the
wavelength calibration curve is constant. The calibration of the spectrograph was
accomplished by fitting the measured CCD pixel positions of a number of calibra-
tion lines (3 or more) to the theoretical expression of the calibration curve. An ad-
ditional scaling factor was included in the fit 10 account for errors in the magnifi-
cation of the spectrograph. Calibration measurements Were carried out with laser
lines or with a calibration lamp (HgAr lamp, Oriel). depending on the wavelength
range of interest. The peak positions were determined using the Winspec-software
of the CCD camera (Princeton Instruments). Typically, the calibration accuracy
was better than 1 nm over the whole wavelength range.

e ;

1208

0.5

bandwidth per pixel (nm)

0 0 Rial gt R e B S i — i

450 500 550 600 650 700 750

wavelength (nm)

Fig. 19.2. Pixel bandwidth of the spectrograph, plotted against the wavelength. The vertical

dotted line at 350 nm denotes the minimum deviation wavelength of the prism
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In general, the spectral resolution at a specific wavelength can be simply calcu-
lated by muliiplying the number of binned pixels with the bandwidth per pixel at
t}?al wavelength. However, the projection of the fiber-core on the detector of 2.2
pl_xels_ sets a lower limit on the maximum achievable resolution, At wavelen Uth:(l)hf
450. 550, and 750 nm a spectral resolution of 1.1, 2.5, and 7.0 nm, res ccti‘?c] L
found using 4-pixel binning in the dispersion direction. s i

The thrpoughput of the spectrograph (prism plus two lenses) was found to b
0_.85 £0.05 at 633 nm, and agreed well with the calculations. The quantum effi?
ciency of the CCD camera (1) at this wavelength is approximately 90%. Th
overall detection efficiency of the spectrograph pl-us camera at this vu:avcl : 0:7 h C
the product of these two values and amounts to 0.77+0.05. k ok

The shape f’f the overall detection efficiency curve, now including the fiber, is
de['er:mmed using a calibrated tungsten band lamp. The (absolute) 0veT‘all detcv::t'golh
::ifﬁme;]cy curve is found by normalizing this curve to 0.77 at 633 nm "ll“h?:

= . . - g

ra;?;‘}:gl:; zg(t)ljisf'é)bs;;s about 90% and constant within 2.5% in the wavelength
_I‘ he CCD camera has a maximum rate of approximately 800 spectra (of 20—100
points/spectrum) per second at a Ngp = 6 e . Therefore, pixel dwell times in excess
qf 1.2. ms were employved. In 2D-mode, a 160160 points image with 1.2 ms dwel‘l
time is recorded in approximately 40 scconds. Due to the time lost du-r_inglthe re-
trace of the mirror, the acquisition time is somewhat longer than the number of
spectra multiplied by the dwell time. v ;
The internal timing of the camera can be modified to increase the maximum
sl;pecrral rate, at the price of extra noise. Alternatively a slow ADC (100 kHz) can
Ssecé?:;l(r);: to reduce the Ngpp to 3.5 ¢ . However, this decreases the maximum
Me‘asuremenls were carried out using two PCs both running Windows 98 (Mi-
cros?tt). The first PC controls the CLSM and the second conzrols the CCD cam-
era. l"he Microsoft automation server and automation manager were used to syn-
chron!ze the start of the recording of spectra by the CCD camera and of lhe
scanning. Tp this end the operating software of the CLSM (EZ2000 Nikon, Coord
3;1}0mu;15(:;_ng) was slightly modified. Acquisition of the spectra was car;ied out
' lc‘;igs kt e Winspec-software that controls the CCD camera and raw data are saved
Foxl' each point in a 2D-image a whole emission spectrum was recorded. Conse-
?hucegt[)y:jitlz ;d;za\s:trz \:.\iere; c(:lrealed)(.\', v, 4). Data pr_ocessing and visualization of
The program s;lbtraclsL:T;ieroc;];r;\;l:g)abprigram ‘(’;’r;“c“ e o o
rog § : Ser- ackground from the raw s : -

rgclfs ior_ thrc‘ dctect_non efficiency of the set-up. The wavelength Scp;l?tl)rr‘;t?gg (\::z:q
per ormcd as explained above. Where possible, the average spectrum £ : :
in the image with no obvious fluorescence was cmploycdbaskfha kg Feptontae:
an area was not available. a background spectrum from a ;:ompzfm:brl(-)u(n-(ii-‘lf e
specimen was used. The wavelength dependency of the detection cfﬁg' : o BFCPCC)
complete sel-up was corrected for with a so-called “flai-field’ spcclru:rfn(T:‘);'lOt i
field spectra were determined by using a calibrated tungsten band lamp .Theehfjlmc-i
lamp spectrum was assumed to be identical to the spectrum of a black l;()dy ru:ll::\‘
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tor of the same temperature. The flat-field spectrum was calcu}atedlfrom "}T rgtlt(_)
of the band lamp spectrum and the spectrum of t_he black body rfndli':xtcg. e ;e_
tield spectrum also includes the variable bandwidth per CCD pixel. A mo;i de
tailed description of the data correction can be found in [36]. Iqteqsnty 1rna:g .fmm
be viewed at each recorded wavelength band. Furt'hermore, emission sp:c r? from
selected pixels, or regions of interest, can be viewed and exported for fu
ana’ll")lflztiata sets in time-mode are 2D (1, A). The processing of these data sets was
done in a similar way as described above. Thfé background was taken fr‘(])(m t1rn;:l
intervals with no obvious fluorescence. If tk_us was not available, a backgroun
spectrum from a comparable (reference) specimen was used.

19.2.2 o
QD Synthesis and Characterization

The ZnS-capped CdSe nanoparticles were synthesized t?y using a r;ogr (%PO
method similar to the one described by Hines and Guyot-Sionnest [9, 38, 39]. W(;
batches of overcoated dots were synthesized. For baich ! ab?ut 4 monolaycrz 0
ZnS were grown over the CdSe core, while for ba.tch 2 the thickness amoun}e to
about 7 monolayers. The number of monolayers is based on the amounts of pre-
5 sed 1 synthesis. .
Cur’;?lres ;/sr?iégigh\iag performed in a glovebox filled with nitrogen. Stock §01ui[1c6)ns
of Cd, Zn., S and Se in TOP were prepared. For the Cd/TOP stock solutg); [ cﬁ
(0.011 mol) dimethylcadmium was dissolved in 15.5 mL TOl_’. The anT ; (s) tr)nL
solution was prepared by dissolution of 1.23 g (¢.01 mol) d1ethylszc 1(1)10i e
TOP. 1.3 g Se (0.016 mol) was dissolved in 16_.0 mL TOP and 2.0 mO[() .t | mo)
(TMS)-S was dissolved in 8.0 mL TOP to obtain the SefTOP and S/T ; sh(: o
lutions: respectively. Cd/Se/TOP and Zn/S/TOP stocl§ solutions wered l};esdi){ug -
pared for every synthesis. The Cd/Se/TOP stock solution was prepare 3fz huang
0.4 ml. C&/TOP and 0.4 mL Se/TOP in 2.0 mL TOP. D1ssolut10nk0 1 .t‘on
S/TOP and 1.12 mL Zn/TOP in 8.28 mL TOP gave the Zn/S/TOP sto(c) S(') uhleat.Ed
The synthesis was performed by the following method. 25 g'Tfj)]; ::;S'fopo_
to 300°C and kept at this temperature forhhall]f an hourst?h{;lﬁgf: r:gvedrznd o
2 as raised to 370°C. The heater wa - dt
g::alt:lepg:ggg:d‘jvm 360°C 1.4 mL Cd/Se/TOP stock solutlgn (cqntaxnlr:fag.;l?i
mmol Cd and 0.20 mmol Se) was injected rapidly. The react1zo:j sr?i“)g[])r:tock *
lowed to cool to 300°C and at this temperature 5..5 mL of thf: S ey
lution (0.62 mmeol Zn, 0.88 mmol $) was added in five portlgrfl)s \335 ingd A
20 s intervals (batch 1). For batch 2, 13.73 m_L of the Zm’S.{"T e own 1o
ortions. After this injection the reaction mixture was al o'wc e vere pur
il)OOC’C and was kept at this temperature for one hour. The-n'dnocrys sconecth by
fied by precipitation with anhyd;cl)]us met_ha‘:?d(ll:. v’\l;a}llqetgéic:&t:l:d\tﬁr s with
ifugi in). The precipit: S ¢
ecxﬁ?l;‘:lfrlcl)gul: %n(;gdogorlpl'rllhz nmz::c))crysta?s we[:e dispersed in doubly distilled chloro-

form.
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Absorption spectra were recorded using a double beam Perkin-Elmer Lambda
16 UV/VIS spectrophotometer. Electron microscopy was performed with a Philips
CM300UT-FEG electron microscope operating at 300 kV. Emission and excita-
tion spectra were recorded with a SPEX Fluorolog spectrofluorometer equipped
with two double grating 0.22 m SPEX 1680 monochromators and a 450 W Xenon
lamp as excitation source. The emission was detected with a cooled Hamamatsu
R928 photomultiplier.

To determine the luminescence quantum efficiency of a sample the integrated
emission intensity was compared to that of a reference solution with known quan-
tum efficiency, i.e., sulphorhodamine 101 in ethanol with 90% quantum effi-
ciency. If necessary the solutions were diluted in order to have an absorbance that
is in the regime where the emission intensity scales linearly with the number of
absorbed photons.

For single particle luminescence measurements, small droplets of a strongly di-
luted QD stock solution were deposited, spread out, and dried on cover glass
slides. The tinal density was approximately 0.1 dot/um’. The slides were prepared,
mounted and sealed in a flowchamber in nitrogen. Prior to and during the experi-
ments nitrogen or air was flushed through the flowchamber.

Fast spectral imaging of single dots was performed employing the above des-
cribed spectrograph-CLSM set-up. The 468 nm line of the Ar-Kr CW laser was
used for excitation (power = 20 kW/cm?). The photomultiptier of the CLSM
(channel 2 in Fig. 19.1) was first used to locate a single QD, applying a 590/60
bandpass filter (center transmission wavelength is at 590 nm, FWHM of the band
is 60 nm). Subsequently, the laser beam was parked at the position of single QDs
and spectra (range 500-700 nm) were recorded with a 6 ms dwell time using the
spectrograph (channel 1 in Fig. 19.1). Four pixels were binned in the dispersion
direction, yielding a spectral resolution of about 3 nm at 380 nm. A 480 nm long-
pass filter (Ba480, Nikon) was inserted in the detection path to block scattered la-
ser light.

The luminescence of QDs was followed until the luminescence had been
bleached away. Data are corrected for the background signal from the system and
sample as described above [35, 36]. Data are further corrected for the detection
sensitivity of the set-up using a calibrated tungsten bandlamp. The spectra are fit-

ted by a Lorentzian peak function [2] for quantification of the integrated intensity,
the peak position, and the peak width.

19.3
Results and Discussion

A typical absorption spectrum of a sample of CdSe/ZnS quantum dots is shown in
Fig. 19.3. Due to quantum size effects the absorption spectra of the CdSe/ZnS
nanopatticles has shifted to the blue compared to the absorption spectrum of bulk
CdSe (absorption onset around 730 nm [40]). The structure in the absorption band
is a result of the formation of discrete energy levels caused by quantum size ef-
fects. The insert in Fig. 19.3 shows a histogram of the size distribution of batch 1
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Fig. 19.3. UV-VIS absorption spectrum of CdSe QDs overgrown with 4 monolayers of ZnS
(baich 1) as determined from HR-TEM photographs. The insert shows & histogram of the
particle size distribution, revealing a ~50% polydispersity

obtained from HR-TEM pictures [39]. It was not possible to distinguish between
the CdSe core and the ZnS sbell on the HR-TEM pictures. For the histogram the
size of 147 quantum dots was determined. The width of the size distribution of
batch 1 is about 50%. The average particle diameter of the CdSe/ZnS core shell
QDs is about 3.7 nm. For batch 2 similar results were obtained.

By spectral imaging of the CdSe/ZnS QDs with the spectrograph-CLSM set-up
individual QDs and their emission spectra could easily be resolved. In Fig. 19.4
the spectra of a few of these QDs of batch 1 are shown, with emission wave-
lengths of 538, 562, 601, 619, and 640 nm, and FWHMs between 13 and 18 nm.

single QDs

""" ensemble

intensity {arb.u.)

500 550 600 650 700

emission wavelength (nm)
eral single QDs recorded with the spectro-

Fig. 19.4. Fluorescence emission Spectr of sev
The emission

graph-CLSM set-up. compared 10 the spectrum of an ensemble of QDs.
wavelengths of the single QDs are 538, 562, 601, 619, and 640 nm (excitation wavelength

468 nm)
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lj ig. 19.5. a Spectrally resolved time trace (2.3 s) of two different QDs present in the detec-
Itjon volutT]c.of the spectrograph-CLSM set-up. The QDs can be separated due to their dif-
ch:t;ml_s:c;n I\lvaVclenglh, t.e., 605 and 560 nm, respectively. Complete Spectra at times
marked with 1, Il, and Il are shown in b. Note that i ity i ¥

: the intensity is a stretched false :
e y streiched false color

The correspo‘nding diameters are 3.5, 4.1, 5.3, 6.1, and 7.1 nm respectively, as
ca!fzul.aled using the relation between diameter and emission wa\"elenﬂth [5] y:l“]fu;
emission spectrum of the ensemble is shown for comparison. The :alue olf the
:)Inevl.;ldth IS in agreement with the homogeneous broadening at room temperature
ezcrr)y(;ril::lcdeﬁZaflng c[iJroces‘s‘es‘ [41]. As a rcsx.llt.ol‘ quantum confinement effects
de[crmin:‘:d bq ti?\uT— otfhas 1ts own characteristic emission wavelength, which is
b e)czlru;]alz;: of the quantum dot. Duﬁe to the large size distribution the
e \nmd\p of an ens;m_blc of CdSe/ZnS quantum dots is extensively
A L\t: compa‘rcd 1o the emission spectrum of a single quantum dot.

e fna;,:iamp]c of a .spcclrally resolved time-trace is shown in Fig. 19.5a. Appar-
ently , We must stress,_cxcepuonally, two different quantum dots were pres

n t_hc Fll.:tCCHOl’l volume of the spectrograph-CLSM set-up., clearl e iy
t_hClr different emission wavelengths. i.e., 605 and 560 n:'?"n‘ res r—y Sépardted i
time marks I, 11, and II} are shown in Fig. 19.5b. Clearly t’he‘c[:fmc':::z?ely'- SPCC_lra 2
the twe QDs differs. In addition, the blinking behavior 1~. app'lrcr;i lt?ﬂ m‘lCnSlly o
QDs blink independently. ‘ . 5o
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Fig. 19.6. Spectrally resolved time trace a of a CdSe/ZnS QD of ba[_ch .1 in ambient air pre-
sent in the detection volume of the spectrograph-CLSM set-up (excitation at f168 nm, room
temperature). Note that the intensity is a s[rctcfhcd false color representation. Emission
spectra at different illumination times are shown in b

Luminescence spectra of individual CdSe/ZnS quantum dots were measn.}n]red_ for
a large number of quantum dots. Clear differences are observed between t \e\ume
evolutions of the emission spectra of the quantum dots, even for dots ‘of the t.amef
batch in the same atmosphere. To obtain reliable information on the l_tffﬂu.cnce :d
the atmosphere and the thickness of the capping layer on the spectral dif fusion a B
on/off behavior, the emission spectra of 41 different dols. were folllowed in tlme.lc
Fig. 19.6a a typical spectrally resolved lime.: trace (dl:lrall()n 80 s) lsfprest::nlfqﬁgs)a
CdSe/ZnS QD of baich 1 in air. Initially this QD emits at 585 nm ( orba; ? hdiﬁ of"
and then the emission wavelength starts to shift to the blue. After ab] u'j s i
about 40 nm the emission of the QD is fully phot(?—bl_euched.hA ];)w;::g s
smaller part of the time trace (not shown) shows blmknryg of t c c)g ‘[.differen;:
Figure 19.6b shows spectra of the dot collected (6 ms mlt:::gra_umj] lill e
lir;ms. It is clear that the two spectra recurded_at the later 11mc.§ ‘a‘leb ue S
with respect to the initial wavelength. Th.c FW HM ofthc p_eak:-.(m a OUL 3 4 ;
The result of fitting of the emission maxima is shown in Fig. 19.7a, where the
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Fig. 19.7. Emission wavelength as a function of time of the CdSe/ZnS QD of Fig. 19.6, i.e.,
batch [ in air (a) and of a CdSe/ZnS QD of batch | in a nitrogen atmosphere (b)

emission wavelength of a CdSe/ZnS$ QD from batch 1 in air is depicted as a func-
tion of time. Similar results are obtained for other quantum dots of batch 1 and 2
in air, with a blue shift of 29 +10 nm and 29 +17 nm, respectively, before the lu-
minescence disappears. In some cases an initial fast blue shift is observed, while
for most QDs a behavior similar to that depicted in Fig. 19.7a is observed [36].
For QDs of batch 1, the luminescence intensity decreases in time and no lumines-
cence is observed after typically 2.5 minutes. There are large differences between
quenching times for individual dots, in agreement with previously reported results
[12]. Due to the increased thickness of the passivating ZnS layer for QDs from
batch 2, the time scales for the blue shift and the photobleaching are significantly
longer (bleaching occurs on average after 3.5 minutes).

The time-evolution of the fitied emission wavelength for a single CdSe/Zn$
QD of batch 1 in nitrogen atmosphere is depicted in Fig. 19.7b. Clearly, no blue
shift is observed. The emission wavelength of this QD varies around an average
value of about 570 nm (Fig. 19.7b). A spectral variation of about 10 nm is ob-
served. This is in agreement with previous measurements, which show that over
longer time periods random speetral diffusion can result in shifts of up to 10 nm
(43,44]. Contrary to the situation in air, there is only random spectral diffusion in
time and no shift to shorter wavelengths is observed. The time periods for which
the dots show emission (until photobleaching oceurs) are significantly longer for
the QDs in nitrogen than in air (about 10 minutes on average for both batches).

The observed differences between the time cevolution of the emission spectra of
single quantum dots in air and in nitrogen provide convincing evidence that the
observed blue shift of the emission in air is due lo photo-oxidation of CdSe [45].
From the blue shift and the well-known relation between bandgap and the diame-
ter of CdSe particles [2, 5-7] it can be calculated that the effective CdSe core di-
ameter decreases from about 5 nm to about 4 nm before the dot is completely
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bleached. A change in particle diameter of | nm corresponds to photo-oxidation of
almost two layers of CdSe from the surface [12]. Oxidation of CdSe nanocrystals
is well known. Even under ambient conditions (without intense excitation) surface
oxidation of CdSe nanoparticles has been reported [46]. The main oxidation prod-
uct was suggested to be Se(,. In the case of CdS, illumination of CdS nanocrys-
lals leads to the photo-oxidation products Cd® and SO42' {47-49]. For photo-
oxidation of CdSe evidence for the formation of CdSeQ, (x =2, 3) has been found
[5, 46, 47]. Here, we did not analyze the photo-oxidation products. For photo-
oxidation to take place, oxygen has to diffuse through the passivating ZnS layer
that has been grown on the CdSe nanocrystals. The observation that photo-
oxidation occurs, indicates that the ZnS layer is not a closed epitaxial layer, but
rather a layer with grain boundaries, presumably at places where ZnS islands,
which started to grow at different locations on the CdSe nanocrystal, meet. At
these boundaries oxygen can diffuse to the CdSe core inside the ZnS shell. For the
thicker shell (batch 2) the oxidation rate is reduced due to the slower diffusion of
oxygen to the CdSe core through a thicker ZnS shell.

As a result of the photo-oxidation at the CdSe surface, quenching states are ex-
pected to be formed at the CdSe/CdSeQ, interface. The formation of surface
quenching states causes a decrease of the number of photons emitted. In the single
QD emission spectra a gradual decrease in light output is indeed observed as the
emission shifts to shorter wavelengths. Finally, the luminescence disappears and
the QD has bleached. The occurrence of photo-oxidation for QDs can explain the
shorter bleaching times observed for QDs in air. Also in a nitrogen atmosphere
photobleaching occurs, albeit after much longer times. In view of the high laser
power (20 kW/cm®) photobleaching is not unexpected. Few materials are stable
against photodegradation under the presently used laser power. The nature of the
photo-induced quenching states is not clear. The efficiency of the photo-induced
formation of quenching states in nitrogen is much lower than for photo-oxidation
observed in air. Possibly, a high-energy bi-exciton state in a single dot has enough
energy to rearrange or break bonds at the CdSe/ZnS interface, which gives rise to
non-radiative recombination channels and finalty leads to bleaching.

The blinking behavior of the ZnS coated Cd$e QDs can also be studied from
the spectral time-traces as shown in Fig. 19.6. The emission intensity was used a
means to distinguish between an ‘on’ and an ‘off” state of the QD. A threshold set
just above the background was determined to discriminate between ‘on’ and ‘off’
state. Blinking can be quantified by thus determining the ‘off” and ‘on’ time dis-
tributions. Blinking behavior of ZnS coated CdSe QDs has been studied in detail
by Kuno et al. [13]. Evidence was provided for an inverse power law behavior of
the off-time intervals, i.e., P(fr) o forr \ . A good agreement between the ex-
perimentally observed off-time distribution over nine decades in probability den-
sity and five decades in time was observed, with (1 + &) = 1.6 + 0.2. Since the
process that leads to the off state is assigned to photo-ionization {by an Auger
process) of the QD, the off-time intervals are related to recombination ot_' tth
ejected charge carrier with the ionized dot. As a result the off-time interval distri-
bution is expected to be excitation intensity independent, which has indeed been
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f)bser.ved [13]. The most probable expianation for the inverse power law behavior
is a distribution of tunneling rates for recombination processes.

Analysis of the distribution of “‘off -time intervals for ali our QDs shows that
the probability density of ‘off’-time intervals can indeed be described by an in-
verse power law. For our QDs we find an average value of (1 + o) = 1.4 + (.2
Clo_se to the value found by Kuno et al. [13] and to earlier work by our gmupH[S(')]’
This value is the average of an analysis for 41 QQDs, both in air and in nitrogen at:
mosphere. Due (o the limited statistics at present a significant difference between
the values for (1 + o) in air and nitrogen has not been ohserved. A difference is
faxpected as the shrinking of the CdSe core and the formation of a CdSeO; at the
interface is_likely to influence the tunneling rate for recombination of an :ejected
charge_ carrier and an ionized dot. Further research is in progress to study differ-
ences in the blinking of QDs in air and nitrogen {38].

. The_ potential application of single quantum dots as luminescent labels (e.g., in
biological .syétems) is based on the high stability in combination with a re.la't’ive
narrow emission band and a large *Stokes shift’ [10, 15]. The total number of pho-
tons emitted by a single QD until bleaching occurs is an important number. For
smgle dye molecules (e.g.,, rhodamine [31-53]) the highest number of phc;tons
em_ltted before bleaching is around 10° at room temperature. Based on an overall
efflci‘ency of about 5% for the system (i.e., one out of cvery twenty emitted pho-
tons 1s counted), the number of photens emitted by a single QD before bleaching
oceurs, is typically 2x107, with numbers exceeding 10° for the more robust quan-
tum dots. These numbers are more than an order of magnitude higher than for sin-
gle dye molecules, which reflects the higher stability of inorganic chromophores
such as semiconductor QDs, k

Surprisingly, the total number of photons emitted before bleaching occurs is not
n?ugh less for QDs in air than for QDs in nitrogen, The shorter lifetime of QDs in
air s compensated for by a higher initial photon count in air. The initial emission
intensity is a_bout two times higher for QDs in air (about 3000 counts in air vs.
1500 counts in nitrogen during the 6 ms integration period for the brightest QDs).
At present further experiments are conducted to provide more precise information
on th-e difference in initial light output. A possible explanation for the higher ini-
tial light output in air is quenching of QD defect luminescence by oxygen. It is
vlvell known .that in addition to the fast (nanosecond) exciton emission, also relal

tively long.-ln_/ed (microsecond) defect emission can occur in QDs [47 54}. Due to
the.long ilfetlm.e, the fa§t photon absorption and emission process is, interrupted
Eln;;l[i:)he long-lived excited state has returned (via radiative or non-radiative re-,
P n) to the gr.ou.nd state. H oxygen can quench the defect luminescence, a
‘1g er EXC,IIOI'I emussion yield is expected by reduction of the time spent in the
c_lark state’. For CdSe we have not found studies on the role of ox enL on the effi
ciency of the defect emission. For other 11V] semiconductors likeygds d EES i
has been established that oxygen can quench the defect-related emissiogn[47 n5 .
If the same occurs for CdS$e QDs, this can explain the higher initiai light : t4j‘
observezd for CdSe QDs in air. The presently applied excitation ;;gow:ru p2u(;
kW/cm®) yields initial intensities of 1000-3000 counts in 6 ms. Assuming a (Sty
collection efficiency, this corresponds to time intervals of 100-300 ns betwee:
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emission of photons. In this situation relaxation to a trap state with a microsecond
lifetime will reduce the number of photons emitted and a fast return to the ground
state by non-radiative relaxation enhances the photon output. A similar situation
has been reported for dye molecules where higher fluorescence light yields were
measured by quenching of the triplet state luminescence [55].

19.4
Conclusion

In this chapter, we have described a highly sensitive home-built spectrograph that
is optimized for use in (scanning) fluorescence microscopy. It has been designed
such that it can be easily retrofitted to any commercially available CLSM. At pre-
sent the time-resolution is limited by the CCD-camera and amounts to 1.2 ms. Fast
spectral imaging is possible up to a rate of 800 spectra per second. This is of great
importance in biological studies, where one wants to follow protein-protein reac-
tion/interaction kinetics on a sub-second timescale.

As an example of the versatility in use of the spectrograph-CLSM set-up time-
resolved luminescence experiments on single CdSe/ZnS core-shell quantum dots
were shown. A large blue shift in the emission wavelength of about 30 nm was
observed for QDs in ambient air. In contrast, this shift was not observed for QDs
in a nitrogen atmosphere. Moreover, the bleaching time and initial emission inten-
sity of single QDs were influenced by the presence of oxygen. The results were
explained by photo-induced oxidation of the CdSe crystallites.
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