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ABSTRACT Interaction of charge carriers with the surface of semi-
conductor nanocrystals plays an integral role in determining the ultimate
fate of the excited state. The surface contains a dynamic ensemble of trap
states that can localize excited charges, preventing radiative recombination

Energy

and reducing fluorescence quantum yields. Here we report quasi-type-Il

band alignment in graded alloy (dS,Se;_, nanocrystals revealed by

femtosecond fluorescence upconversion spectroscopy. Graded alloy

(dS,Se;_, quantum dots are a compositionally inhomogeneous nano-

heterostructure designed to decouple the exciton from the nanocrystal surface. The large valence band offset between the CdSe-rich core and CdS-rich shell
separates the excited hole from the surface by confining it to the core of the nanocrystal. The small conduction band offset, however, allows the electron
to delocalize throughout the entire nanocrystal and maintain overlap with the surface. Indeed, the ultrafast charge carrier dynamics reveal that the fast
1—3 ps hole-trapping process is fully eliminated with increasing sulfur composition and the decay constant for electron trapping (~20—25 ps) shows a
slight increase. These findings demonstrate progress toward highly efficient nanocrystal fluorophores that are independent of their surface chemistry to
ultimately enable their incorporation into a diverse range of applications without experiencing adverse effects arising from dissimilar environments.
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quantum dots (QDs), are expansively

utilized as photon sources in a wide
array of applications such as light-emitting
diodes, biological probes, and low threshold
lasers due to their (potentially) high photo-
luminescence quantum vyields (PLQYs) and
their size-dependent optoelectronic proper-
ties arising from quantum confinement.' >
The NC surface, however, has long been
implicated as a source of trap states that
localize excited charge carriers and inhibit
radiative recombination of the electron and
hole. Early studies yielded efforts to promote
passivation of the NC surface with various
organic ligands, such as hexadecylamine and
trioctylphosphine oxide, as cosurfactants to
reduce the number of trap sites and moder-
ate carrier trapping.®~® More recent work
suggests that NC surface atoms are in a state

Semiconductor nanocrystals (NCs), or
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of dynamic flux under excitation, resulting in
an ever-changing population of surface and
subsurface states available to localize charge
carriers.®'° This revelation of a fluxional sur-
face suggests that decoupling the exciton
from the NC surface, as opposed to the long-
held notion of passivating the NC surface,
is essential for optimal enhancement of the
photophysical properties of semiconductor
NCs. The obvious response to this discovery
comes in the form of type-l or quasi-type-ll
core/shell NC heterostructures wherein a
NC is encapsulated in a semiconductor shell
of wider band gap to confine either both
(type-l, Figure 1a) or a single (quasi-type-ll,
Figure 1b) charge carrier to the core and
minimize their surface overlap.'" Aberration-
corrected atomic number scanning transmis-
sion electron microscopy (Z-STEM) was per-
formed on CdSe/ZnS and CdSe/CdS core/shell
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Figure 1. Type-l (a) and quasi-type-Il (b) electronic band
alignments illustrating that both carriers are confined to a
single material in type-l and only a single carrier is confined
in quasi-type-Il. Shown in (b) is the electronic band align-
ment between zinc blende CdSe and CdS'* and the relaxed
confinement potential afforded by a graded alloy interface
between the materials.

NCs and showed that complete shell coverage is
necessary to achieving PLQYs near unity; however,
current shell growth techniques such as successive
ion layer adsorption and reaction (SILAR) yield prefer-
ential growth on anion-terminated facets.'> Due to
nonuniform faceted shell growth, upward of 18 mono-
layers of material are needed for complete shell cover-
age, yielding large and bulky NCs often exceeding
20 nm in diameter that can require days to synthe-
size and are not ideal in some biological imaging
applications.”® Additionally, the abrupt boundary be-
tween core and shell materials can induce strain due to
lattice mismatch and introduce new trap states at the
interface.’ McBride et al. ultimately concluded that a
graded shell is necessary for complete coverage of the
semiconductor NC core.'? The full surface coverage
and passivation afforded by the graded shell, as op-
posed to “patchy” shells often obtained with a hard
interface, are predicted to more effectively confine
charge carriers away from the surface of the nanocrys-
tal and provide optimal enhancement of the fluores-
cence properties.'?

In addition to maximum coverage with a graded
shell, the gradual transition from the core to the shell
materials also relaxes the confinement potential at the
interface by providing an intermediate area of chemi-
cal composition which, as illustrated in Figure 1b, is
correspondingly reflected in the band structure of the
NC.'® Investigations of graded type-I and quasi-type-lI
core/shell NCs have established improvement over
nongraded core/shell QDs. The relaxed confinement
potential afforded by the graded shell structure and
the accompanying suppression of Auger processes
inhibit single NC fluorescence intermittency and
improve the multiexciton performance of QDs.'®'’
Theory and experiment have shown that the rate of
nonradiative Auger recombination governs biexciton
decay and is driven by the interfacial properties of the
QD.">"81% However, the effect of the confinement
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potential gradient in the context of charge carrier
interaction with the NC surface has been largely un-
explored. Extensive ultrafast dynamics studies detail-
ing charge carrier overlap with the NC surface of
binary semiconductor NCs have revealed that charge
trapping at the surface is very sensitive to NC size and
can be readily tuned via modification of the NC sur-
face chemistry.>~82°2* Furthermore, homogeneous
CdS,Se;_ alloys were found to have trapping kinetics
that were also dependent on chemical composition
with charge trapping dominating the exciton decay
processes as sulfur content increased.>* Here, femto-
second fluorescence upconversion spectroscopy is
utilized to investigate the ultrafast dynamics of graded
alloy CdS,Se;_, semiconductor NCs to probe the
chemical composition dependence of charge carrier
trapping at the NC surface of graded alloy CdS,Se; _,
nano-heterostructures. We observe complete iso-
lation of the excited hole from the NC surface and
trapping kinetics that are dictated by the surface
chemistry of the QDs.

RESULTS AND DISCUSSION

Compositionally graded alloy CdS,Se;_, NCs were
synthesized according to procedure developed by
Harrison et al. based on differing reactivities of the
anionic precursors (see Materials and Methods).?®
These NCs have been thoroughly characterized
in previous literature,®® and comprehensive optical
(absorption, fluorescence) and structural (HRTEM,
EDS) characterization of these graded alloy CdS,Se;_
NCs is included in the Supporting Information. Briefly,
optical absorption of the structural evolution of a
representative compositionally graded CdS,Se;_,
sample (Figure 2a) reveals an initial spectrum consis-
tent with that of CdSe NCs, displays a slight red shift
as the sample evolves during the synthesis, and
eventually stagnates before the synthesis is termi-
nated. Additionally, the final graded alloy CdS,Se;_,
structures (Figure 2b) exhibit a blue shift with an
increase in sulfur composition, indicating a higher
degree of quantum confinement. The size and mor-
phology of the NCs were determined via high-resolution
transmission electron microscopy (HRTEM), and in
accord with the previous reported synthesis of these
nanoparticles,?® the NCs exhibit slight growth through-
out the synthesis after initial core formation (Figure 2c)
even while S/(S+Se) ratios are observed to change.
The optical and electron microscopy results can be
explained by partial anion exchange of surface or near-
surface selenium with the excess sulfur in the reaction
mixture after growth has stopped.?® Additionally, the
final structures are similar in size for all chemical
compositions (Figure 2d); because the ultrafast dy-
namics of semiconductor NC carriers are very sensitive
to size,® similar NC diameters permit direct comparison
analyses of the carrier-trapping kinetics.

VOL.8 = NO.10 = 10665-10673 = 2014 K@}Nﬁ@i{\j

WWwWW.acsnano.org

10666



(a) x=0.39 (b)
@ 120 min [0}
o Q
c c
@®© ]
2 £
o o
@D @
Q Q
<< <
) x=0.25
2 min x=0.10

400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Ty x=039] "Jd) cds,se,,
81 81

AG‘ ,—\6_

it b E]

<, Jit £,

S + =4 ! [ERE )
2 24
ot 0, T T T T T

0 20 40 60 80 100 120 0.0 02 04 06 0.8 1.0

Grow Time (min) S/(S+Se)

Figure 2. Optical absorption (a) and diameters (c) of ali-
quots taken during the structural evolution of CdSg 395€0 .61
(1:1 S/Se anion injection ratio). Optical absorption (b) and
diameters (d) of the final graded CdS,Se,_, structures
(120 min aliquots). The graded alloy diameters are compar-
able for all samples, while the blue shift in absorbance for
higher sulfur compositions (b) indicates greater confine-
ment of the charge carrier(s).

In order to determine the chemical composition
of the NCs, energy-dispersive X-ray spectroscopy
(EDS) was performed on each aliquot after rigorous
purification (see Materials and Methods). Figure 3a
displays the chemical composition for a representative
graded alloy synthesis and shows a nonlinear increase
in sulfur composition with growth time, which con-
firms the graded inhomogeneity of the NC structure.
This is in direct contrast to homogeneous alloys which
maintain constant chemical composition with growth
time.?” Additionally, the sulfur composition of the final
graded structures corresponds to the initial anion
injection ratios (Figure 3b). The PLQY of the graded
alloy NCs increases with sulfur composition both as the
NC structure evolves during each synthesis (Figure 3c)
and for the final graded alloy NCs (Figure 3d). PLQY
values up to 65% are reported here for CdSqg4S€0.16
graded alloy NCs. Finally, EDS scanning TEM was
performed on CdSyg4Seq16 NCs for further verification
of the graded alloy structure. As seen in Figure 4, cad-
mium is evenly distributed throughout the NCs while the
sulfur-rich shell extends beyond the selenium-rich core.

The carrier dynamics of the graded alloy CdS,Se;_,
NCs were probed with femtosecond fluorescence
upconversion spectroscopy. The laser system has been
previously described®?* (see Materials and Methods).
Since this technique only monitors radiative recombi-
nation of the exciton, any carrier trapping at the NC
surface is realized as a decrease in the fluorescence

KEENE ET AL.

—1.01 — —1.01
&"7|(a) x=0.39 & "|(b) CdS,Se, .
& 081 081
& 067 0.6
§0.4- rweeeee| 2041
So2{ & Bo2{ .~
re] ow-’ a o’
Oo.04, . . 1000 —

0 40 80 120 00 02 04 06 08 10

Grow Time (min) Injected S/(S+Se)

0.8 0.8
(c) x=0.39 (d) CdeSeH’(
0.6 0.6
> > -
T o0.4- Co.4 P
- - .
a o e
0.2 - 0.2
-
oo | ool |
0.10 0.20 0.30 0.40 0.0 0.2 04 06 0.8 1.0

Observed S/(S+Se) Observed S/(S+Se)

Figure 3. Chemical composition (a) and PLQY (c) of aliquots
taken from the 1:1 S/Se anion injection synthesis. Observed
versus injected sulfur compositions (b). The PLQY of the final
graded CdS,Se,_, structures as a function of chemical
composition (d). The nonlinear increase in chemical com-
position with growth time (a) demonstrates the inhomo-
geneity of the sulfur incorporation into the nanocrystals.
The PLQY is directly related to the chemical composition of
the graded alloys (c,d).

intensity. The ultrafast fluorescence upconversion
spectra for the CdS,Se;_, NCs are displayed in Figure 5.
The same trend was observed for the evolution of
CdS,Se;_x NCs for each S/Se anion injection ratio as
for the final graded alloy CdS,Se;_, NCs: an increase
in sulfur composition yields a decrease in charge carrier
trapping, as evidenced by a less pronounced decay
of the fluorescence intensity as a function of time
(Figure 5). Due to the similar behavior, we present
the analysis of the final graded alloy structures
(120 min aliquots) in this article, and the results are
analogous for the structural evolution of each sample
as sulfur is incorporated into the NCs (included in the
Supporting Information). Interestingly, graded alloy
CdS,Se;_, NCs of low sulfur content (S/(5+Se) < 0.34)
display triple exponential decay behavior, whereas NCs
with higher sulfur composition exhibit double expo-
nential decay behavior. Historically, unpassivated and
under-coordinated surface anions have been impli-
cated as midgap states that are available as “dangling
bonds” to trap holes in CdSe NCs within the first few
picoseconds after excitation.?>?* Previous work on CdS
NCs attribute a fast 2—3 ps decay to hole trapping
at the surface based on a higher density of hole-
trapping states near the valence band (VB) due to its
larger effective mass.??° However, taking into account
the recent proposal of a dynamic nanocrystal surface
under excitation, under-coordinated and unpassivated
anions exist within ~1 nm of the surface of the nano-
crystal due to the fluxionality of those atoms; that is,
instead of a crystalline, faceted lattice at the surface, the
atoms are in motion and thus are not fully passivated at

VOL.8 = NO.10 = 10665-10673 = 2014 K@}Nﬁ@i{\j

WWwWW.acsnano.org

10667



Map data
HAADF MAG: 1800kx HV: 200kV

Figure 4. Superposition (a) of the high-angle annular dark-field image (b) and EDS maps of cadmium (c), sulfur (d), and
selenium (e) for graded alloy CdSg g4S€eg.16 NCs. Scale bars are 8 nm. The cadmium is evenly distributed throughout the NCs,
while the sulfur-rich shell extends beyond the selenium-rich core.

any given moment, increasing the likelihood of their
availability to act as a hole trap. We report decay
constants for the first exponential decay (r;) of ~3 ps
(Figure 6a), in good agreement with the literature for
hole trapping in CdSe and CdS NCs. The 7; decay
constant is consistent for all CdS,Se;_, NCs; however,
the first decay becomes less prevalent up to a sulfur
composition of ~34%, as indicated by a decrease
in 7, amplitude (Figure 6d), at which point the decay
completely disappears from the ultrafast fluorescence
upconversion data. This is direct evidence for the quasi-
type-ll band structure alignment created by the CdS-rich
shell encapsulating the CdSe-rich core which, based on
the VB offset between the materials, functions as a “hole
well” in which the hole is confined to the core of the NC
heterostructure. Elimination of the fast hole-trapping
process from the carrier dynamics demonstrates suc-
cessful separation of the hole from within ~1 nm of the
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NC surface and confirms the proposed graded alloy
structure.

The second exponential decay process in the graded
alloy CdS,Se;_, NCs was found to have a decay con-
stant of 20—25 ps, increasing with sulfur composition
(Figure 5b). Electron trapping in CdSe NCs is a process
that occurs tens to hundreds of picoseconds after
excitation®>?® and has been reported as a 20—30 ps
decay in CdS NCs.282° Qur results for 7, are in good
agreement with the reported literature values for
electron trapping in CdSe and CdS NCs. This supports
the quasi-type-ll band structure of the graded alloy
CdS,Se;_, NCs in which the excess electron energy in
the conduction band (CB) is greater than the confine-
ment potential of the CB offset of only ~0—0.1 eV
between the CdSe-rich core and the CdS-rich shell.'>*°
Therefore, the electron is delocalized throughout both
the core and shell materials and maintains access to
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Figure 5. Ultrafast fluorescence upconversion spectra of graded alloy CdS,Se; , NCs. Carrier trapping is observed
indirectly as a fast decay of the fluorescence intensity. The spectra are plotted according to (a) reaction time points and
(b) S/Se injection ratios to show the reduced trapping as sulfur is more quickly incorporated into the alloys with higher
S/Se injection ratios and as the graded alloy NC structures evolve during each S/Se injection ratio synthesis, respectively.
The top trace in (b-vi) is the plotted residuals for graded CdS, ;5S€0.75 NCs (x = 0.25) and is representative of all fits.
All samples were excited at 50 nm above the band gap and observed at the wavelength corresponding to maximum

fluorescence intensity.

the NC surface for all sulfur compositions. Indeed, the
20—25 ps electron trapping is present in all CdS,Se;_y
NCs regardless of sulfur composition. Traditionally, the
surface of NCs has been envisioned as a static crystalline
interface that may contain cadmium adatoms and/or
cadmium atoms that are not fully coordinated or passi-
vated and therefore are available to trap electrons.
However, according to the recent proposal of a fluxional
NC surface under excitation, the atoms within ~1 nm
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of the surface are physically in motion at any given
moment as part of a dynamic noncrystalline “lattice”
at the NC surface interface; thus, there exists an ever-
changing population of cadmium atoms that, similar
to what has been proposed for the static surface,
are potentially under-coordinated and therefore are
available as electron trap states.

Finally, the third exponential decay process corre-

sponds to radiative relaxation of the exciton. Excited
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Figure 6. Exponential decay constants 7, (a), 7, (b), and 75 (c) and the corresponding amplitudes A, (d), A, (e), and As (f) for the
final graded CdS,Se;_, NCs as a function of sulfur composition. As sulfur composition increases, hole trapping (r,) is
eliminated, the electron-trapping decay constant (z,) increases, and exciton lifetime decay constant (z3) increases, all
indicative of reduced carrier interaction (trapping) with (at) the nanocrystal surface.

electron—hole pair recombination in semiconductor
NCs is a nanosecond process®>?* and extends beyond
the capabilities of our upconversion experiment (100 ps).
Therefore, the 73 time constants reported from our
analysis of the ultrafast fluorescence decay curves do
not represent actual measured lifetime values for the
radiative relaxation of the exciton; however, they allow
our model to decay to baseline as determined by y,
before the excitation pulse arrives.3'>? Nevertheless, a
clear trend of an increase in 73 is observed as sulfur
content increases (Figure 6¢), indicating longer lifetimes.
Notably, the first and third decay amplitudes are inver-
sely related; as the first decay disappears, the third
decay increases and begins to dominate the exciton
decay processes (Figure 6d,f). This is exactly the opposite
behavior reported for the charge carrier dynamics
of homogeneous alloy CdS,Se;_, NCs where the first
decay amplitude increases and carrier trapping begins
to dominate with an increase in sulfur composition.>*
These findings afford further validation of the inhomo-
geneous chemical composition of the graded alloy
CdS,Se;_ NGCs.

By focusing on the first few picoseconds after the
arrival of the excitation pulse, we also investigated
the initial population of the band edge radiative states,
1S3/, and 1S, for the VB and CB, respectively.* Figure 7a
displays a representative fluorescence upconversion
spectrum of a CdS,Se,_, sample as the pulse arrives
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Figure 7. Ultrafast fluorescence upconversion spectrum of
CdSp.395€061 (@) and observed rise times (7,isc) as a function
of sulfur composition (b). Subpicosecond rise times exhibit
a slight increase with sulfur composition and correspond
to hot hole cooling in the valence band. The sample was
excited at 50 nm above band gap (530 nm) and observed
at the maximum fluorescence intensity (604 nm). Note: The
dotted line in (b) indicates the instrument resolution.

and an electron is promoted from the VB to the CB.
The data were fit with an additional exponential decay,
albeit with a negative amplitude, in order to determine
if a rise time (7,is) is present. Since only the band edge
radiative recombination is observed in these experi-
ments, a rise time represents the temporal delay be-
tween excitation of the charge carriers and the onset
of emission by the NC. Since we excited the samples
50 nm above the band gap, the 1S, state in the CB was
initially populated with an electron from the 2S5/, state
in the VB.3**° Therefore, the hole in the 255, state must
undergo intraband cooling/relaxation to the 1S3/, state
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before band edge radiative recombination can occur; this
delay is realized as a rise time in the temporal fluores-
cence upconversion spectra. As seen in Figure 7b,
the observed rise times are at or slightly longer than
the pulse width, which defines the temporal resolution
of the experiment (see Materials and Methods), and
are consistent with values reported for intraband hole
cooling in CdSe NCs.%*® We do note a slight additional
rise of 8—10 ps for the highest sulfur compositions
(S/(S+Se) > 0.5), and additional studies are ongoing to
probe the excitation- and emission-dependent dynamics
of the graded alloy CdSpgsSeq16 NCs. These studies
on the graded structure with the highest sulfur content
that most prominently exhibits quasi-type-Il behavior are
expected to provide additional insight into the relation-
ship between the core/shell interface and the surface
interaction of excited charge carriers.

Our results and analyses of the ultrafast dynamics of
graded alloy CdS,Se;_, NCs highlight the importance
of charge carrier interaction with the surface of semi-
conductor NCs. However, the carrier dynamics also
show a clear structural chemical composition depen-
dence that affects the magnitude of trapping and
can even eliminate carrier (hole) overlap with the NC
surface through proper electronic band gap engineer-
ing of the core and shell materials. This is evidenced
by the disappearance of hole trapping in graded alloy
CdS,Se;_, as sulfur is incorporated into the structure
and the VB offset becomes great enough to confine the
hole to the core of the NC and eliminate the interaction
of the hole with the surface. However, for any charge
carriers that do overlap with the NC surface, it is clear
that the chemical composition of the NC surface, as
opposed to the internal NC architecture, is what de-
termines the behavior of the charge carrier trapping.

MATERIALS AND METHODS

Cadmium oxide (CdO), 1-octadecene (ODE, 90%), oleic
acid (OA, 90%) and tri-n-butylphosphine oxide (TBP, 93%) were
purchased from Sigma-Adrich. Elemental selenium (Se, 99.99%)
was purchased from Strem, and sulfur powder (USP sublimed)
was purchased from Fisher Scientific. All reagents were used as-
purchased without further purification.

Compositionally graded alloy CdS,Se;_, NCs were synthe-
sized according to procedure developed by Harrison et al.?
Briefly, 1 mmol CdO, 4 mmol OA, and 20 mL of ODE were loaded
into a 250 mL three-neck round-bottom flask and heated to
220 °C under ultrahigh purity (UHP) Ar. Once the reaction solution
was clear and colorless, a mixed solution of 0.8x mL 0.75 M Se/TBP
and 0.8(1—x) mL of 0.75 M S/TBP was injected to the flask.
Nanocrystals were grown for 2 h, and sample aliquots were pulled
from the reaction vessel at 2, 10, 30, 60, 90, and 120 min for S/Se
anion injection ratios of 1:9, 3:7, 1:1, 7:3, and 9:1. Aliquots were
quenched with a mixture of butanol and ethanol and precipitated
via centrifugation. Further cleaning was carried out by solvating in
toluene and subsequent precipitation with ethanol via centrifuga-
tion; the cleaning step was repeated once. The nanocrystals were
suspended in deoxygenated anhydrous toluene for ultrafast fluo-
rescence upconversion spectroscopy measurements.

Absorption spectra were obtained using a Varian Cary 50
UV—vis spectrophotometer. Photoluminescence spectra were

KEENE ET AL.

Even though the graded alloy CdS,Se;_, NCs have
predominantly CdSe-rich cores, the ultrafast carrier-
trapping processes most closely resemble those of
charge carriers in CdS NCs which exhibit fast 2—3 ps
hole-trapping and longer 20—30 ps electron-trapping
kinetics because the surface composition of the
NCs most closely resembles CdS. Notably, it is this
interplay between the internal structure and the
chemical composition of the surface that ultimately
determines the fate of the exciton in quantum con-
fined nanostructures.

CONCLUSIONS

We have presented direct time-resolved spectro-
scopic evidence for quasi-type-ll band alignment
in graded alloy CdS,Se;_, NCs through analysis
of the ultrafast charge carrier dynamics as a function
of chemical composition. The fast ~3 ps hole-trapping
process disappears as sulfur composition increases
to form a graded CdS-rich shell with VB offset such
that excited holes are confined to the CdSe-rich core.
These results demonstrate that charge (hole) carrier
interaction with the surface can be completely elimi-
nated in NC structures with dimensions less than 5 nm,
a phenomenon that typically requires a “giant” core/
shell heterostructure. The 20—25 ps electron trapping
is consistent in amplitude throughout all sulfur com-
positions in the graded alloy CdS,Se;_, NCs, with a
slight increase in 7, decay constant with sulfur compo-
sition. Our findings demonstrate progress toward
highly efficient nanocrystal fluorophores that are in-
dependent of their surface chemistry to enable their
incorporation into a diverse range of applications with-
out experiencing adverse effects arising from dissimilar
environments.

obtained using a Photon Technology International Quanta-
Master 40. Photoluminescence quantum yields of the CdS,Se; _,
in toluene were obtained using the single-point method*” using
coumarin 153 in ethanol (Q = 0.38),3® Rhodamine 6G in metha-
nol (Q = 0.94),* or sulforhodamine B in ethanol (Q = 0.69)*
dyes as reference fluorophores, choosing the dye with optical
absorption and fluorescence spectra that overlap those of the
NC samples. High-resolution transmission electron microscopy
(HR-TEM), energy-dispersive X-ray spectroscopy (EDS), and EDS
scanning TEM were obtained using a FEI Tecnai Osiris.
Femtosecond fluorescence upconversion spectroscopy was
performed with a laser system previously described®* with
modifications. Briefly, a Coherent Verdi V18 (CW, 532 nm, 18 W)
pumped a mode-locked Ti:sapphire oscillator (Mira 900 Basic,
Coherent) which then seeded a regenerative amplifier (RegA
9000, Coherent). The RegA powered an optical parametric
amplifier (OPA 9400, Coherent), from which the excitation
(wavelength tunable, 450—700 nm) and gate (800 nm) pulses
were extracted. The system operated at 250 kHz and produced
pulses ~200 fs, leading to instrument response functions (IRFs)
<250 fs. Samples were pumped at 50 nm higher in energy than
band edge absorption to eliminate upconversion of scattered
pump photons in the upconverted fluorescence spectra. Sam-
ples were of optical density, ~0.9 (always <1), at pump energy
and were stirred under UHP Ar in a 2 mm cuvette to avoid
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buildup of photocharged dots. A rhodium-coated elliptical
reflector focused sample emission onto a nonlinear crystal
(1 mm XC8-LilO3-type-I SFM-800/500-1000//308-444 nm, Cleve-
land Crystals, Inc.). A UV-dispersing prism (STS#37261, CVI Laser
Corp.) separated upconverted signal from any residual photons.
The signal was directed into a UV-optimized monochromator
(McPherson), detected by a photon-counting photomultiplier

A

tube (R1527P, Hamamatsu) and digitized with a photon counter
(SR400, Stanford Research Systems). The fitting function used
to analyze the data was derived from the convolution of
the Gaussian laser pulse with a decaying exponential,*’ with
the addition of a time shift (t,) to allow the Gaussian to float
relative to the exponentials and an offset (yo) so the exponen-
tials decay to baseline instead of zero:

Fit =

i

—|1 f
> +er

Mo

W+vIn2

where A; is the ith decay amplitude, W is fwhm of the Gaussian
IRF, and 7;is the ith decay time. The fit function is the summation
of as many convolved functions as observed decay processes.
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