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ABSTRACT We report measurements of fluorescence intermit-
tency (blinking) and spectral behavior for single semiconductor
nanocrystal quantum dots (QDs) isolated in the gas phase and
discuss the effects on fluorescence of the QD charge state and
heating to the point of sublimation. Core—shell CdSe/ZnS QDs were
trapped in a quadrupole ion trap and detected by laser-induced
fluorescence. The mass (M) and charge (Q) were determined

nondestructively, and both were followed continuously over the
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course of hours or days. Emission spectra of the trapped QDs are significantly red-shifted relative to the solution-phase emission from the same particles.

The temperature of the trapped QDs is determined by the balance between laser heating and collisional cooling and thermal emission, and it is possible to

heat the particles to remove ligands or to the point of sublimation. QDs are observed to be emissive during sublimation, for up to 85% mass loss, with

emission intensity roughly proportional to the surface area. Eventually, the fluorescence quantum yield drops suddenly, and the QDs begin to blink. The

method used is versatile and will allow studies of quantum dot optical properties as a function of size, ligand removal, heating, surface oxidation, and other

manipulations, where these properties are continuously correlated with the mass and charge.
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anoparticle mass spectrometry

(NPMS) and opto-mechanical levita-

tion provides an interesting and
useful way to study the physical and optical
properties of levitated nanostructures.' 8
NPMS allows for repeated, nondestructive
measurements of the mass, M, and charge,
Q, of single trapped nanoparticles, making it
possible to study correlations between M, Q,
surface chemistry, and optical properties, as
particles are manipulated by heating, ex-
posed to reactants, etc."*°~'> As discussed
below, the mass and charge are obtained by
observing the particle's motion in a quad-
rupole trap, using either light scattering or
fluorescence to track the motion. In addition
to obtaining M and Q, it is possible to
measure optical properties, such as the
emission spectrum, temporal behavior such
as blinking (intermittent fluorescence) or
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bleaching, and to correlate the appearance
of these optical effects with changes in
particle mass, charge, or surface chemical
state. Here we report blinking and spectral
behavior for single charged semiconductor
nanocrystal quantum dots (QDs) isolated in
the gas phase and discuss the effects on
fluorescence of charge state, heating, and
mass loss by sublimation.

The basis of the NPMS method is to trap a
single, charged nanoparticle in a quadru-
pole ion trap, using light scattering or laser-
induced fluorescence (LIF) to detect and
track the motion of the particle. The mo-
tional secular frequency (w,) of a charged
particle in such a trap is inversely propor-
tional to the mass/charge ratio, M/Q.'® By
making repeated measurements over the
course of hours or days, it is possible track
the emission properties and to observe how
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they respond to changes in M/Q as the particle is
heated, exposed to reactants, or otherwise manipu-
lated. By allowing occasional collisions with ions, elec-
trons, or metastables created in a discharge, the
charge, Q, can be changed. By measuring the change
in secular frequency accompanying Q changing by one
elementary charge (Aw,/e), the exact value of Q is
determined."®'" With Q, we obtain M, limited only by
the precision of the w, measurement, which can be as
high as 1 ppm.®

CdSe nanocrystals, also known as quantum dots, are
too small to efficiently scatter light but are efficient
emitters (quantum yield 50—85%)'”'® with interest-
ing photophysics, making them good candidates for
NPMS. For NPMS, the QDs must be charged, so one
important issue is the effect of charging on fluores-
cence intensity. A number of groups have examined
the effects of charging QDs on various electrodes or
in solution.'~2® Guyot-Sionnest and co-workers at-
tached QDs to an electrode and quenched fluores-
cence by applying a negative voltage (—1 V) to the
electrode. This quenching was reversible by applying a
slight positive charge (+0.3 V). Galland et al. recently
used a similar approach to gather fluorescence infor-
mation while simultaneously collecting lifetimes.?* In
this study, there were two types of blinking behavior
with distinct lifetimes and blinking on/off statistics that
could be controlled electrochemically. One type was
due to Auger recombination and another due to inter-
actions between the Fermi level of the electrode and
the trap states present on the QDs. Interestingly, a QD
could exhibit both types of blinking mechanisms at
different times, meaning that blinking is not due to the
chemical makeup of an individual QD, but rather is
inherent to QDs.**

QDs have been studied extensively in solution
or on surfaces,?>3°~32 put little is known about their
optical properties when they are charged and de-
tached from a surface.® In summary, it is not obvious
what might be expected for fluorescence of QDs in the
gas phase with up to 20 charges, in the form of Na*
adsorbed on the surface. In this paper, we present
observations of fluorescence from single QDs isolated
in the gas phase in a quadrupole ion trap, shown in
Figure 1, and demonstrate determination of the abso-
lute mass and charge for both individual QDs and small
QD aggregates. In addition, we examine emission
intensities and spectral properties over time as the
QD:s are heated to the point of sublimation and under-
go charge changes.

27-29

RESULTS

Measuring M/Q via Secular Frequency Measurement. As
discussed below in the Methods section, the mass-to-
charge ratio (M/Q) is determined by measuring the
secular frequency for motion of the QD in the trap, and
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Figure 1. Cross sectional view of the trap along the x-axis.
Light is collected on the vertical axis, and the 532 nm laser is
introduced into the plane of the image in the center of the
trap. Diagonal channels are used to introduce the CO, laser.
The horizontal axis is used to introduce the ions to the trap.

the approach we have found best for secular frequency
measurement is to apply a sinusoidal “drive” signal to
one of the lens electrodes, shown in Figure 1, just
outside the trap, creating a sinusoidal field that pene-
trates to the trap center. The field is too weak to have
significant effect on the trapped QD motion, except
when the drive frequency is resonant with the QD axial
secular frequency, w,. On resonance, the amplitude of
the w, oscillations becomes large enough to reduce
the fraction of time that the QD spends in the detection
volume, resulting in a drop in LIF signal. The detection
volume is determined by the overlap of the LIF laser
focus and APD imaging lens focus and has character-
istic dimensions of roughly 50—100 um. It is possible to
obtain parts per million mass precision in slow scans
with low drive amplitudes and low pressure,® but here
the goal was to follow changes in QD properties over
time; therefore, the sweeps were fast (>1 kHz/s), and a
high (2 V) drive amplitude was used to ensure measur-
able response during the short time on resonance. To
measure the fast sweeps, short dwell times were also
needed, resulting in poor signal/noise. Figure 2 shows
an example of a single sweep (data points) as well as
the average of five sweeps scanned both to higher
(20—60 kHz) and to lower (60— 20 kHz) frequency. Note
that the sweeps to higher and lower frequencies both
show a sharp resonance at 32.67 kHz, and even in the
single scan, the signal dip is well outside the scatter in
the data points. The w, resonance appears as a peak in
these data because the experiments were done with
the trap filled to 1 mTorr with argon (Pyap =1 mTorr). As
a result, the driven motion excited at resonance is
quickly damped by Ar collisions, resulting in quick
signal recovery as the drive voltage scan away from
resonance. This damping also, in principle, broadens
the resonance, degrading precision; however, in this
case, the factor limiting precision is the scan rate. By
performing repeated frequency sweeps, the secular
frequency (i.e., M/Q) for a single QD can be tracked for
many hours. To extract the w, values for each sweep,
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Figure 2. Sweeps across the secular frequency resonance
for a single particle in the trap. The solid black line corre-
sponds to an average of 5 sweeps from 60 to 20 kHz. The
dashed red line corresponds to an average of 5 sweeps from
20 to 60 kHz. The scatter plot shows a noise in a single
sweep.

the negative peak, as seen in Figure 2, is fit with a
Gaussian, the center of which is reported as w,.

Note that the scatter in the single scan data points is
substantially greater than would be expected for sta-
tistical noise. The scatter partly reflects fluctuations in
particle position due to thermal (Brownian) motion of
the QD. Decker has discussed the expected amplitude
of thermal motion, which scales like (TM/Q?)'’?, and for
QDs with T = 300 K, the root mean square excursions
are on the order of 30 and 60 um, respectively, in the
axial and radial directions.>* These are comparable to
the dimensions of our detection volume, thus thermal
motion leads to real fluctuations in LIF intensity.

The fact that a single peak is observed in the
frequency spectrum indicates that there is only one
particle in the trap. When more than one particle is
trapped, multiple peaks are observed because the
charge on these small QDs is low enough that coupling
between the particles is weak compared to thermal
energy; that is, each particle behaves quasi-indepen-
dently with its own w, resonance. In principle, it is
possible that a single peak could result from two or
more particles which coincidently happen to have
nearly identical w, values; however, this unlikely situa-
tion would be revealed as soon as one of the particles
changed charge.

Tracking M/Q and Determination of @ and M. Figure 3
shows an example time record for a single QD ob-
served for 12.5 h at low enough LIF laser intensity (100
W/cm?) to minimize mass or other changes due to
heating. The secular frequency (w,) shows discrete
steps corresponding to events where QD charge chan-
ged by one elementary unit (AQ = =e). Charge
changes occur due to occasional (~1/h) collisions of
the QD with electrons, ions, or metastables in the
chamber background, and because we need such
events to determine Q and M,"" a cold cathode gauge
is left on to create electrons, Art, and Ar* from the
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1 mTorr argon buffer gas. In this case, Aw,/e = 2682 +
44 Hz, as determined by fitting the 16 steps observed.
From w,/Aw,, we can determine Q at each step (values
indicated on the figure), and once we know Q, we can
convert M/Q to M, which is also plotted on the figure. In
this case, the mass record is deliberately boring—just a
gradual loss (0.5% per hour) of mass, due to mild
heating from the LIF laser.

The diameter of these (NN-labs) QDs is reported to
be 6 + 0.6 nm, which corresponds to roughly a factor of
2 variation in mass, with estimated masses ranging
from ~480 kDa to ~1.1 MDa, not including the ligand
layer. (The masses are estimated assuming a nominal
ZnS shell thickness of 1 nm and using bulk densities for
CdSe and ZnS. For the nominal 6 nm QD, the core and
shell masses are nearly equal.) For core—shell CdSe/
ZnS, it has been shown that between 800 and 1000
dithiocarbamate ligands are present. If we presume
the same coverage (~18 A%/molecule) on a 6 nm QD,
there should be ~630 ligands present with a mass of
~137 kDa for the nascent QD. However, we believe
that there is significant ligand desorption/decomposi-
tion because the freshly trapped QDs are briefly heated
using a CO; laser as described below. In this example,
the mass is near the low end of the expected mass
range, and therefore, we can safely conclude that the
particle was a single QD, presumably having lost most
of the ligand mass.

Figure 3 also shows the LIF intensity as a function of
time, and it can be seen that there are steps in LIF
intensity that track the charge steps in w,. These do not
represent real changes in the fluorescence quantum
yield with charge. Instead, they result from the effects
of charge on photon collection efficiency. Recall that
the root mean square amplitude of thermal motion of
the QD scales like (TM/Q?)"?, and that the amplitudes
are comparable to the detection volume defined by
the laser and APD foci. Therefore, when Q increases
(decreases) by e, the rms thermal amplitude decreases
(increases) by 8—10%, resulting in a small increase
(decrease) in collection efficiency. The detection vol-
ume can be increased to avoid this effect, but that
decreases the sensitivity for measuring w,, requiring
higher drive amplitudes. In the figures below, small
fluctuations in LIF, correlated with charge steps, should
be ignored.

Effects of Heating and Particle Sublimation. Figure 4
shows the first ~83 h of the time record for a single
particle tracked for more than 4 days, during which
time we substantially changed the particle properties
by driving large mass losses. Emission spectra were
acquired during several intervals, by swapping filters
on the APD, turning the laser intensity back to the
initial low level for each spectral measurement. These
intervals of low laser intensity are delineated by pairs of
vertical lines. To allow the changes in particle proper-
ties to be seen more clearly, Figure 5 shows the data
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Figure 3. Time record (12.5 h) for a single trapped quantum dot, showing variations in secular frequency (kHz, black), mass
(Da, blue), and fluorescence intensity (photons per 100 ms, red). The number of charges present is shown.
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Figure 4. Time record of secular frequency (kHz, black), mass (Da, blue), and fluorescence intensity (photons per 100 ms, red)
for a single small quantum dot aggregate, observed for 4 days. Pairs of vertical black lines indicate intervals when emission
spectra were taken. The laser power density was 100 W/cm? except between 2100 and 2370 min and 4470 and 5000 min when
it was increased to 216 W/cm? to increase the particle temperature. The laser power density was turned down to 100 W/cm?

when emission spectra were taken.

with magnified vertical scales for the following time
intervals: 0 to 2000 min, 2000 to 2500 min, and 4000 to
5000 s.

Consider the first 0 to 2000 min period, where the
LIF laser was left at low intensity (100 W/cm?) to
minimize QD heating. As in Figure 3, the secular
frequency undergoes a series of steps, with Aw,/e =
733.6 + 5 Hz, averaged over the steps observed
between 0 and 2000 min. Q was 17e at the onset and
varied between 20 and 17 during this time period. The
LIF intensity fluctuated in concert with the charge
steps, due to the collection efficiency artifact discussed
above. Just before 2000 min, the mass and LIF intensity
measurements were interrupted to obtain spectral
information by sequentially measuring LIF through a
series of long-pass filters. During this interval, the mass
and frequency series are not plotted and the LIF
intensity is also perturbed by the filters. During this
initial 2000 min low laser intensity period, the mass
simply dropped slowly (1.07%/h), starting from an
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initial mass of 1877.8 & 25.6 kDa, suggesting that this
particle is an aggregate of either two or three QDs.
Aggregates are probably present to some extent in the
methanol-diluted electrospray solution used to get
QDs into the gas phase, and additional aggregates
may also form during electrospray. Such aggregate
particles tend to have M/Q ratios greater than those for
single QDs, and if desired, aggregates can largely be
filtered out by operating the instrument at a trapping/
guiding frequency of 280 kHz.3¢

At 2140 min, the LIF laser intensity was increased to
~216 W/cm? in order to heat the particle and then
reduced back to 100 W/cm? (the original intensity) at
2380 min for another period of spectral measurements.
As shown in Figures 4 and 5, the increase in laser power
is accompanied by a sharp increase in emitted photon
intensity and the beginning of a rapid decrease in the
particle mass. The total mass loss during this first
heating period was a factor of roughly two—too large
to be explained entirely by ligand loss. In addition, a series
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Figure 5. Detailed time records with expanded vertical scales for the particle in Figure 4 in the indicated time ranges.

of rapid charge steps, monotonically increasing the
positive charge by 5e, were observed at the beginning
of the heating period. Since the rate of collisions with
electrons, Ar", and Ar* should not have increased
dramatically (P¢,p, was not changed during the heating
period), these rapid charge steps appear to indicate
charging by thermionic electron emission. The fact that
the rate of charging decreased with increasing particle
charge is also consistent with this mechanism because
electron binding energy should increase as the positive
charge left behind increases, thus reducing the emis-
sion rate. Both the rapid mass loss and thermionic
emission indicate that the temperature reached during
this heating period was quite high, as discussed below.
The electrons are clearly emitted from the surface layer,
but the composition of this layer for a QD heated to
such high temperatures is not clear. Due to diffusion,
the surface may include atoms originally from the CdSe
core, the ZnS shell, as well as carbonaceous material
originating from the ligand layer.

The sharp increase in photon emission at higher LIF
laser powers is expected, but given the observation of
both sublimation and thermionic electron emission, it
is likely that a substantial fraction of the increased
photon emission is due to thermal (“black body”)
emission. It is for this reason that we turned the laser
back to the initial intensity (100 W/cm?) during
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the spectral measurement period between 2296 and
2325 min, so that the pre- and postheating spectra
could be compared directly. In Figure 5, the effect of
this interruption of the heating period is obvious. The
mass and charge state both immediately stopped
changing, and then mass loss resumed as soon as
the laser intensity was increased back to 216 W/cm?.
Finally, at 2380 min, the heating period was terminated
by reducing the laser intensity back to the original
100 W/cm? level, and the particle was monitored for
2000 min (~33 h).

During this “rest” period, the particle mass was
nearly constant but initially increased by 3.3% during
the first few hours, presumably due to adsorption of
adventitious gases. The argon used as a buffer gas in
these experiments was obtained from Airgas with
stated impurities of H,O (3 ppm) and O, (3 ppm), which
would introduce ~10~° Torr of both O, and H,0, given
the 1 mTorr Ar operating pressure. Furthermore, the
base pressure in the chamber is in the 107 Torr range
with H,0 being the main impurity, as determined with
a residual gas analyzer, but also including smaller
partial pressures of O,, N,, CO, CO,, and hydrocarbons.
The rate of mass gain over this time period (1.5 Da/s) is
roughly consistent with these concentrations of ad-
ventitious adsorbates. For example, 1.5 Da/s corresponds
to ~0.04 water molecules adding to the particle

VOL.8 = NO.3 = 2387-2398 = 2014 ACS\A

J

WL

N

Na

WWwWW.acsnano.org

2391



per second, which would imply a water partial pressure
of ~10~7 Torr, with unit sticking probability. Given the
presence of heavier reactants at lower partial pres-
sures, the observed mass gain rate seems entirely
reasonable.

At the beginning of the rest period, the charge state
also showed signs of “recovering” from the high
positive charge attained by thermionic emission at
high temperature. A series of charge steps monotoni-
cally decreased the positive charge during the first few
hours, as the highly positively charged particle prefer-
entially combined with electrons. Only after the charge
state had declined to Q = 12—14 did the charge begin
to step bidirectionally, indicating that steady state had
been reached. To probe the effects of these charge
steps and surface reactions on the emission, spectra
were acquired in two intervals, near the beginning and
near the end of this rest period. Note that, during the
rest period, the LIF intensity was only ~half that during
the first 2000 min, presumably due to the reduction in
particle mass. Nonetheless, it is interesting that the
particle continued to be emissive even though it had
such a large fraction of its mass during the heating
period.

Finally, at t = 4400 min, the LIF laser intensity was
again increased to 216 W/cm? and left high, allowing
us to observe changes in mass, charge, and emission
intensity as the particle sublimated. Note the rapid
mass loss and the rapid charge stepping were inter-
rupted by two brief periods where the laser intensity
was reduced back to 100 W/cm? to allow spectral mea-
surements. Emission was observed until, at 4836 min,
the particle abruptly went dark. At that point, the mass
was only 290 kDa, corresponding to loss of 84.7% of the
initial particle mass, and the final observed charge was
13e. The simplest explanation for the final abrupt loss
of emission would be ejection of the particle from the
trap, and indeed, the final M/Q is outside the range
recommended by Gerlich'*” for “safe” adiabatic trap-
ping. As discussed below, however, there is actually still
barely detectable emission after the “darkening” tran-
sition, leading us to conclude that the particle was still
present.

Emission Spectrum. As noted, during several intervals
over the course of the 83 h particle time record,
emission spectral information was acquired using
long-pass color filters on the APD detector. To avoid
contributions to the signal from thermal emission, the
LIF laser intensity was reduced to 100 W/cm? for each
of these spectral measurement intervals. The data were
converted to emission spectra by taking differences
between intensities measured with successive filters,
and the results are shown in Figure 6. Spectra are
shown for each measurement interval indicated in
Figure 4, along with an average of all the spectra.
Because the total LIF intensity decreased as the particle
sublimated, the spectra are normalized to allow easier
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Figure 6. Emission spectra taken at the indicated times in
Figures 4 and 5. An average of the spectra is shown, with
error bars denoting the standard deviation of the four
measurements. A solution-phase emission spectra was also
obtained using the same optical arrangement for compar-
ison (dashed line).

comparison. In addition, the spectra are corrected for
the APD sensitivity variations over the spectral range of
interest, using quantum efficiency values provided for
our APD module by the manufacturer. To test the filter/
APD approach to spectral measurement, the spectrum
for a solution of the QDs was measured using the same
APD, color filters, and laser intensity, and this control
spectrum is also shown. As expected from the manu-
facturer's data, the stock QD solution has an emission
maximum at 550 nm, although we also see a small peak
near 750 nm.

The emission spectra for the trapped gas-phase
particle are significantly red-shifted with little intensity
at 550 nm and most of the intensity in a broad peak
between 590 and 695 nm. The emission also rises again
toward 850 nm, suggesting that there may be a sub-
stantial peak in the near-IR. The possible origin of these
spectral features is discussed below.

We have demonstrated that single QDs and small
aggregates of QDs, isolated in the gas phase, have
significant LIF quantum yields, and that the emission
intensity is not strongly affected by changes in the
charge. Furthermore, the QDs can be heated to tem-
peratures where sublimation and thermal emission of
electrons and photons is efficient yet still retain sig-
nificant LIF quantum yield when the particles are
allowed to cool again to temperature well below those
required for significant thermal emission. Several
points merit additional discussion.

DISCUSSION

Temperature Estimates for Heating and Rest Periods. As
noted above, Figure 5 shows evidence that the QD
aggregate reached temperatures during the “heating”
periods high enough to drive sublimation and thermal
emission. For reference, bulk ZnS is observed to sublime
at about 1450 K,*® although the temperature should be
lower for small particles in vacuum. Bulk CdSe sublimes
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at about 1420 K; however, sublimation of CdSe nano-
structures in vacuum has been reported at tempera-
tures as low as 773 K.3°

Particle heating is via absorption of energy from the
LIF laser, only part of which is radiated as fluorescence.
A rough estimate of the heat deposition rate can be
made using the LIF intensity to estimate the excitation
rate. In Figure 3, and in the rest periods in Figure 4,
where the particles show no signs of being hot enough
for thermal emission or sublimation, it is reasonable to
assume that the only significant emission process is LIF.
Under these conditions, the LIF count rate was 500/s,
and if we correct for APD quantum efficiency, reflection
losses in the optics, and the collection solid angle, we
can estimate that the particles were emitting on the
order of 30 000 photons/s. A lower limit on the heating
rate can be obtained by assuming that the LIF quantum
yield is unity, so that the heating comes only from the
Stokes shift between the 532 nm pump and the emis-
sion spectrum (Figure 6). Since we have no information
on the spectral dependence of the emission at 1 >
850 nm, we assume that this near-IR emission is all at
900 nm for this estimation. With these assumptions, we
reach a not unreasonable estimate for the heat deposi-
tion rate of ~16000 eV/s ~ 2.6 fW. If we assume that
the heating rate for the higher laser power used in the
heating periods in Figure 4 (for LIF count rate of 3300/5s)
is simply proportional to the increased laser power, the
heat deposition rate would be ~105 000 eV/s ~ 18 fW.

The particle temperature is set by the balance
between these heat deposition rates and all cooling
mechanisms. Since there is no evidence for thermal
emission or rapid sublimation at the lower LIF laser
intensity, the only significant cooling mechanism in
that case is via collisions with the T mTorr of Ar buffer
gas. The mean free path of the argon is much larger
than the trap dimensions, and the velocities of the
massive particles are negligible compared to the argon
velocity. Therefore, the collisions are essentially of
argon at the trap temperature (near 300 K) with the
hot particle surface. The flux-weighted collisional cool-
ing power can be estimated as

P = 2kAZ(Tqp — Tirap) X Accom

where kis Boltzmann's constant, A is the surface area of
the QD, Z is the collision rate per unit surface area, Top
is the temperature of the QD, and Accom is an accom-
modation coefficient.*” The accommodation coeffi-
cient accounts for the inelasticity of the Ar surface colli-
sions, where Accom = 1 corresponds to collisions where
the scattered argon is thermal at Top and Accom =0
means no cooling. For a noble gas, Ar is a reasonably
efficient collider, with, for example, Accom = 0.24 in
collisions with a tungsten filament between 1073 and
1785 K*' For 1 mTorr of Ar at 300 K, there would be
~450 000 collisions per second with a single QD and
roughly double that for a QD dimer, assuming that the
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QDs in the dimer remain unfused, which is probably a
reasonable assumption for low temperatures. If we
assume Accom = 0.24, then the collisional cooling
power equals the laser heat deposition rate at Tqp =
~630 K. This is certainly (see below) well below the
temperature where thermal electron or photon emis-
sion would be expected and thus seems reasonable.
The slow mass losses seen in Figure 3 and the initial
period in Figure 4 may indicate that sublimation is
occurring, albeit very slowly, again, consistent with Top
being below T,ypiimation- NOte that the measured mass
losses of 1.0—1.1%/h correspond to a desorption rate
of less than 5.8 Da/s.

If the higher heat load at high laser intensity was
balanced only by collisional cooling, then the particle
temperature would be ~2800 K; however, well below
this temperature, additional cooling by sublimation
and thermal emission of photons and electrons be-
comes significant. If the particles behaved like black
bodies, the thermal photon emission would be gov-
erned by the Stefan—Boltzmann law:

P = AeoT?*

where P is the radiated power, A is the surface area of
the QD, ¢ is the emissivity constant, o is Stefan's
constant, and T is the temperature.*? Subwavelength
diameter particles do not behave as black bodies,
however, and have emissivities well below unity and
with substantial wavelength dependence.**~*> A num-
ber of studies suggest that € = 0.04 for refractory
nanoparticles (W, Fe, and C).*® For CdSe, € = 0.001
might be a reasonable value since it is not a refractory
material, and this should provide a reasonable lower
bound on the radiative cooling. By itself, the thermal
photon emission would balance the heating power at
~1300 K.

Thermionic emission of electrons is governed by
the Richardson—Dushman equation: I(amps) = AT
exp(—D/kT), where ® is the material work function,
and A = 4xmeek®/h3, where m, and —e are the electron
mass and charge, k is the Boltzmann constant, and h is
Planck's constant. The minimum energy carried away
by each electron is ®@; however, because the electrons
leave behind an increasingly positively charged parti-
cle, the actual energy loss per electron is significantly
higher. Nonetheless, the frequency of electron emis-
sion is small—there are only 5 emission events be-
tween 2140 and 2210 min. Even taking the high
positive charge (starting at 19e, rising to 24e) into
account, the time-averaged cooling power from elec-
tron emission is only ~0.1 eV/s—negligible compared
to the heating power.

Similarly, there is also a contribution to cooling
from sublimation. During each high laser power heat-
ing period in Figure 4, the mass loss corresponds to
~40% of the initial particle mass; however, this corre-
sponds to loss of only ~0.8 ZnS units/s or ~0.4 CdSe
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units/s. The bulk heat of sublimation of CdSe and ZnS
are, respectively, 405 kJ/mol (4.198 eV) and 468 kJ/mol
(4.68 eV)." If we take the average of the two values, the
sublimation cooling power is ~10 eV/s—Ilarge com-
pared to that from thermionic emission, but still neg-
ligible compared to the laser heating power.

The particle temperature is set by the balance
between laser heating power and the total cooling
by collisions, sublimation, and thermal emission of
electrons and photons; however, only collisions and
thermal photon emission are significant. Taking both
into account, the particle temperature is estimated to
be ~1200 K; however, this estimate is certainly too high
because, in estimating the laser heating rate, we
assumed that all detected photons were LIF, whereas
a significant fraction actually results from thermal
emission. Correcting for this factor lowers the esti-
mated temperature to ~1150 K. This should still be
regarded as a crude estimate, due to uncertainties in
the emissivity versus wavelength and other factors
relating both to the laser heating and thermal emission
cooling rates. Nonetheless, the estimated temperature
is not unreasonable, in the sense that it is in the range
where both sublimation and thermionic emission
should be slow but observable. Because the rates for
these processes are so strongly temperature-dependent,
the temperature estimate is unlikely to be in error by
more than ~100 K.

One other question is the extent to which thermal
(“black body”) photon emission contributes to the LIF
signal seen under low power laser irradiation (Top ~
630 K). Figure 7 shows black body emission curves for
630 and 1150 K. It can be seen that the thermal
contribution to the APD-sensitive wavelength range
below 1000 nm is negligible at 630 K. The absence of
thermal emission at the lower laser power was con-
firmed by measuring the effect of argon buffer gas

pressure on the emission intensity, in the range from
1 to 30 mTorr. If thermal emission was significant, it
would have been quenched at higher buffer gas
pressure because Tqp is considerably lower (315 K from
collisional cooling). No change in intensity was ob-
served, ruling out a contribution from significant ther-
mal emission at low laser power.

Nature of the Emission Process. The absorption and
emission spectra for QDs in solution is dominated by
exciton formation, as shown in Figure 6. This results in
an emission band around 550 nm for the QDs used.
However, the emission spectra acquired at various
times for the trapped QD aggregate are significantly
red-shifted with two peaks: one between 590 and
780 nm and the other above 850 nm. The differences
between the gas-phase and solution-phase spectra
cannot be attributed only to some effect of electro-
spray ionization because it has been shown that
electrosprayed QDs deposited on surfaces have optical
properties similar to those of the starting material.*®
Generally, red-shifted spectra, as seen in Figure 6, are a
result of deep level emission from surface states, most
commonly seen for small QDs where a majority of
atoms are found on the surface or for high aspect ratio
CdSe nanorods. In our case, the particle is likely an
aggregate of 2 or 3 QDs, which possibly could coalesce
into a single sphere when heated at high laser power.
Coalescence would dramatically change the emission
spectra in unknown ways because the core and the
shell would mix, creating an ill-characterized nanopar-
ticle. In this context, it is interesting that the emission
spectra taken before and after periods of high power
laser heating are not very different, even though there
was mass loss and change in charge. This insensitivity
to the details of the particle structure is consistent with
emission from surface states, rather than core excitonic
emission. The decrease in exciton emission must be
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Figure 7. Black body emission curves for 1300 K (dashed blue line) and 600 K (solid red line).
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due to an increased rate of the electron or hole
diffusing to a surface state. Thus, surface states affect
exciton emission by causing a decrease in the rate of
radiative recombination of an electron and hole in the
core of the QD.

Several other factors are consistent with the idea
that we are observing emission from surface trap
states. These tend to have a low quantum efficiency
similar to our estimate of a ~0.2% quantum efficiency
for the QD shown in Figure 5.9°° The quantum
efficiency was calculated based on the absorption
cross section determined by Leatherdale et al. and a
particle size of 10 nm.>" Considering the quantum
efficiency is 0.2%, it is unlikely that multiexcitons are
formed, but to confirm this, more studies are needed.
Furthermore, if emission is from surface states, one
might expect the intensity to scale with particle surface
area. If the surface area is assumed to scale with the 2/3
power of the mass, then the emission intensity ob-
served in the various low laser intensity periods is at
least roughly consistent with the expected decrease in
surface area with decreasing mass. For example, the
emission intensity normalized to M** was 0.046 prior
to heating and 0.035 for the postheated particle which
had lost substantial mass. Given that we have no
information about the shape of the aggregate particle
and how it evolves with heating, the agreement with
surface area scaling is reasonable, though certainly not
definitive. The difference in the solution spectrum and
the spectra of a single QD, shown in Figure 6, indicates
that the surface states are not intrinsic to the QDs used
in this study but are, rather, created in the trapped
particles by some combination of charging, heating,
and ligand loss. A factor to consider is that there is a
~12% lattice mismatch between CdSe and ZnS in the
bulk>>** Thus interdiffusion/mixing of the core and
shell upon heating would tend to create additional
defects at the core—shell interface.

Heating to “Darkness”. Figure 5 shows the final time
period, where the particle is heated until it finally goes
“dark”. The total mass at that point is about what we
would expect for a single CdSe core (290 kDa). Emission
spectra were acquired in several intervals during the
final heating period, and for these, the laser intensity
was returned to the same low (100 W/cm?) level used
for all the other emission spectra, where thermal
emission makes a negligible contribution (see above).
As shown in Figure 6, the emission spectra taken late in
the sublimation process are not radically different from
those taken before significant mass loss occurred,
although the intensity is significantly lower, even be-
fore the final abrupt “darkening” transition at 4836 min.
This slow decrease in emission intensity may simply
reflect a decrease in surface area of the particle,
particularly if surface states are involved in the ob-
served red-shifted emission. Note that there is also a
slow decrease in fluorescence intensity at high laser
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intensity, where thermal emission is expected to make
a significant contribution and surface area certainly
plays a role in this case.

One question is whether the final abrupt near-total
loss of emission at 4836 min results from the particle no
longer absorbing the 532 nm laser, or if the particle
continues to absorb, but with near-zero fluorescence
quantum yield. If the latter explanation were true, we
would still expect to see thermal emission from the hot
particle—indeed, the temperature should increase if
the absorbed laser energy is no longer partly radiated
as fluorescence. Therefore, we tentatively conclude
that the loss of emission reflects a sudden loss of
absorption, which is not unexpected. The band gap
for the QD should increase with decreasing size, and at
some point, the 532 nm laser would simply no longer
be able to excite the particle. Because we are not
averaging over a distribution of QDs, the drop in
excitation rate could be abrupt. Note that, as soon as
the particle stops absorbing, its temperature would
rapidly drop to ~300 K.

Blinking after Darkening of the Partide. During the ~80h
preceding the final darkening transition at 4836 min,
the particle in Figures 4 and 5 was never observed to
blink ( i.e., show intermittent fluorescence). However,
after the final darkening transition, the small remaining
signal shows significant intermittency if it is binned in
1 or 10 s time intervals. Figure 8 shows a 14 h contin-
uation of the signal record, starting just after the abrupt
darkening transition, binned in 1 s intervals. Figure 9
shows a histogram of the intensity levels observed and
the distributions of bright (“on”) and dark (“off”) time
intervals. The intensity histogram is clearly bimodal,
with the major peak simply reflecting the APD dark
count rate, but with a small peak at about twice the
dark count level. The on/off distributions show that
there are reasonably frequent “on” intervals lasting
between 1 and 20 s, but that the “off” intervals are
much longer, consistent with the histogram showing
that the particle is dark most of the time.

It is not clear why this particle, having lost ~85% of
its initial mass and having apparently ceased to absorb
the 532 nm pump laser, should show intermittent
emission. One possibility is that, in the nonabsorbing
state, with Top = 300 K, the particle slowly absorbs or
reacts with background gases, modifying the surface
such that the band gap becomes small enough to allow
532 nm absorption again. At that point, the particle
would heat rapidly, presumably driving off the ad-
sorbed surface species within seconds, increasing the
band gap, and causing the particle to stop absorbing
again. In this scenario, the “on” times should be short
because surface species should desorb rapidly from
the particle once it begins to absorb again. The “off”
times should be much longer, determined by the time
it takes for adsorption of appropriate adventitious
species from the chamber background. As discussed
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Figure 8. Time record for the first 50 000 s after the QD from Figures 4 and 5 went “dark”.
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Figure 9. Left: Histogram of brightness levels observed in Figure 8. Right: Duration distributions of “on” (open red circles) and
“off” times (black filled circles) in the time record in Figure 8. The on/off cutoff was chosen as 107 photons per second.

above, species such as water, oxygen, CO, CO,, and
hydrocarbons are present at concentrations that lead
to slow mass gain. Such a scenario could go on inde-
finitely, and as shown in Figure 8, rather stable blinking
behavior was still occurring after almost 14 h of
monitoring.

CONCLUSIONS

In conclusion, we have demonstrated that it is
possible to trap single QDs and small QD aggregates
in a split-ring quadrupole trap and report the fluores-
cence and thermal emission behavior of QDs in the gas
phase. It is possible to detect strong fluorescence from
a single QD, after brightening the QD by brief CO, laser

METHODS

The instrument, described elsewhere,3® consists of an electro-
spray source used to get nanoparticles into the gas phase, a
hexapole guide for differential pumping and desolvation, a
quadrupole ion guide used to prefilter the M/Q distribution fed
to the trap, and finally the split-ring electrode quadrupole trap
(SRET), which was based on a design by Gerlich and co-workers,>*
as shown in Figure 1. Water-soluble core—shell CdSe/ZnS (with
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heating of the ligand layer. The mass and charge of
trapped particles are easily determined by secular
frequency measurements and can be tracked for long
times as the particles are manipulated by heating and
exposure to charge changing collisions. Obviously,
other manipulations, such as exposure to reactive
gases to carry out surface chemical modification, are
possible. The emission spectra of a single QD aggre-
gate showed a significant red shift that would be
expected from solution-phase measurements. More
studies are needed to understand the mechanism of
fluorescence, the QD going dark, and blinking. We are
confident that NPMS is a suitable and powerful tool to
uncover these mechanisms.

mercaptoundecanoic acid as a ligand) QDs were obtained from
NN-Labs. The QDs used in these studies have a solution-phase
emission maximum near 550 nm, although it is not obvious what
to expect for charged QDs in the gas phase. The QD stock
solution was diluted in methanol (1:100) and electrosprayed in
a Micromass (now Waters) z-spray source with a capillary voltage
of 3.5 kV and a cone voltage of 210 V. Positive ions formed by the
electrospray source were guided through the hexapole ion guide

AR
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at a pressure of ~20 mTorr to collisionally cool and focus the
particle beam. We presume that the presence of positive ions in
the solution (mostly Na*) was responsible for the initial charging
of the QDs. The QDs passed from the hexapole, through a
pneumatically operated isolation valve, and into a linear quad-
rupole guide, which has similar trapping properties to those of
the SRET, and therefore functions as a prefilter to reject ions and
particles outside the M/Q range of interest. From the linear
quadrupole guide, the QDs are injected into the trap using
15 mTorr of argon buffer gas to aid trapping and damp the initial
kinetic energy of the trapped QD. With the isolation valve closed,
the base pressure in the trap chamber is ~2 x 107 Torr. While
trapping, both the 532 nm laser (100 W/cm?) and the CO, laser
(1000 W/cm?) were focused through the trap to enable immedi-
ate detection of the trapped QD. To inject a QD, the isolation
valve was repeated pulsed open (open time ~1 s), while
monitoring LIF signal, looking for the signature of a trapped
QD (~300—500 counts per second). TTL pulses from the APD
were counted by a ComTec multichannel scalar (P7882). As soon
as signal was observed, the CO, laser was turned off, and the
pressure was dropped to between 0.1 and 1 mTorr, and a scan of
, was made to verify that only a single particle was trapped
(80% of the time). In the event that more than one secular
frequency resonance was observed, the trap was simply dumped
and the fill process was restarted.

lon Trap and Optical Detection. The SRET is a type of Paul trap,
with the center ring electrode split to allow optical access
through the trap. In addition, the end-cap electrodes are
truncated cones with holes to allow a particle beam to pass
through along the trap axis. We added a pair of diagonal
channels that allow lasers to be focused through the trap center,
and for the work presented here, one pair was used, together
with a pair of confocal off-axis paraboloidal mirrors, to focus a
CO; laser (Synrad, 10 W, duty cycle modulated) through the trap
for particle heating. Near the electrodes, the fields are far from
the fields in an ideal hyperbolic Paul trap; however, for suffi-
ciently small excursions from the trap center, the nonidealities
are small. Under appropriate operating conditions,'®'®>® the
motion in such a trap is harmonic, with well-defined frequencies
associated with radial and axial motion, w, and w,, respectively.
Either of the frequencies can be used to calculate the M/Q ratio
for the trapped particle, but in our geometry, w, is more easily
and precisely measured, and in this case, M/Q = V2Vl (,Q2),
where V, and Q2 are the amplitude and frequency of the radio
frequency voltage applied to the trap (Vo =500V, Q/27r = 143.3
kHz), and z, (2.96 mm) is a parameter describing the field
geometry.

Particles were detected by focusing a cw 532 nm laser (Ultra
Lasers) through the trap (into the page on Figure 1) with a beam
waist diameter of ~100 um to excite fluorescence of the
trapped QD. The effects of varying the laser intensity between
roughly 100 and 220 W/cm? are also examined. Fluorescence
emitted from the QDs in the trap was collimated by an aspheric
lens with a 25 mm focal length, passed through a 532 nm notch
filter to block scattered light, and focused onto an avalanche
photodiode module (APD) (Laser Components: Count). To obtain
emission spectral information, long-pass filters with cutoff wave-
lengths of 590, 645, 695, 780, and 850 nm (Thorlabs) were
installed in line with the APD.

We operated the CO, laser at a 50% duty cycle (5 W average
power) during particle injection because we find that this leads
to substantial increase in fluorescence quantum yield, making
the particles much easier to detect. The mechanism of this
“brightening” process is not completely understood; however,
the mercaptoundecenoic acid ligand layer has an absorption
band at 10.6 um and therefore should be heated by the CO,
laser, while neither CdSe and ZnS absorb strongly at 10.6 um
(absorption coefficient 0.016° and 0.2 cm™',>” respectively).
Therefore, it appears that the brightening process involves
heating the ligand layer, possibly driving additional loss of
solvent molecules or some ligand desorption. Additional stud-
ies of this phenomenon are planned.

Safety. Since cadmium is toxic, precautions were taken to
avoid contact with the particles. The electrospray source is
contained within a glass cylinder to ensure that CdSe/ZnS
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particles do not spray into the atmosphere. The glass cylinder
and other electrospray components were periodically cleaned
in methanol. Whenever handling particles or contaminated
parts, it is important to wear necessary attire (gloves, eye pro-
tection). Syringes and used solvent are hazardous waste and
must be disposed of appropriately.
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