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ABSTRACT We discuss fundamental differences in electronic structure as reflected in one- and two- Lkord

WY “Q
photon absorption spectra of semiconductor quantum dots and organic molecules by performing 4 ; o8

¥ hg
systematic experimental and theoretical studies of the size-dependent spectra of colloidal quantum dots. *'3“‘33
Quantum-chemical and effective-mass calculations are used to model the one- and two-photon absorption ?h‘f“F‘S‘tTy I |,\1 T lEflfelc‘ilv "I "l‘asls

m D, nm
spectra and compare them with the experimental results. Currently, quantum-chemical calculations are 10 20 30 F0
Small sizes  Intermediate sizes  Large sizes

limited to only small-sized quantum dots (nanoclusters) but allow one to study various environmental
effects on the optical spectra such as solvation and various surface functionalizations. The effective-mass calculations, on the other hand, are applicable to
the larger-sized quantum dots and can, in general, explain the observed trends but are insensitive to solvent and ligand effects. Careful comparison of the
experimental and theoretical results allows for quantifying the range of applicability of theoretical methods used in this work. Our study shows that the
small clusters can be in principle described in a manner similar to that used for organic molecules. In addition, there are several important factors (quality of
passivation, nature of the ligands, and intraband/interband transitions) affecting optical properties of the nanoclusters. The larger-size quantum dots, on

the other hand, behave similarly to bulk semiconductors, and can be well described in terms of the effective-mass models.
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ver the last few decades the use of

semiconductor quantum dots

(QDs) as optical chromophores
has attracted broad research interest in
condensed-matter physics and physical
chemistry. Owing to quantum confinement
effects, synthetic control over the QD size
allows for effective tuning of their absorp-
tion and emission across a broad spectral
range.' It is especially advantageous that
the same chemical modification methods
can be used for variously sized QDs, thus
providing chromophores with different col-
ors. Because of their photostability and a
variety of possible surface chemical function-
alizations, QDs are particularly attractive
for biomedical labeling and microscopy.>*
Accordingly, the linear optical properties
of colloidal QDs have been exhaustively
studied both experimentally and theoreti-
cally.*”"" The majority of QD theoretical
studies are based on condensed matter
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approaches. For example, the parabolic
band approximation for CdS (or CdSe)
QDs'° considers single conduction and three
valence bands and ignores coupling be-
tween them. Nonparabolic corrections can
be accounted for by including these cou-
plings within, for example, k-p theory,?
which considers mixing between the heavy-
and the light-hole bands, but still ignores
mixing of the conduction and valence bands.
The eight-band effective-mass model'' gen-
eralizes k-p theory by adding coupling be-
tween the conduction and valence bands
and considers the complex structure of the
valence bands. Usually the more detailed
models are the best in quantitative descrip-
tion of transition energies and spectra, but
they also lose the advantage of simplicity,
physical transparency, and intuitive interpre-
tation. In addition to these condensed matter
methods, more recent quantum-chemical
electronic structure calculations based on
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the density functional theory (DFT) have related elec-
tronic structure and dynamics of small QDs to their
atomistic composition and surface properties.'*~"”

Compared to QDs, organic conjugated molecules
constitute another important class of optically active
chromophores, where enhanced nonlinear optical
(NLO) polarizabilities suggest a number of technolog-
ical applications such as bioimaging'® and 3D micro-
lithography.' Numerous studies have been con-
ducted to reveal structure—property relationships for
the NLO response of organic molecules?®*~* and
fluorescent proteins.2* This work has benefitted from
the development of elaborate quantum-chemical tech-
niques®®*>~28 allowing for predictive calculations of
NLO responses in organic molecules and detailed anal-
ysis of the underlying electronic properties. Thus, var-
ious synthetic approaches have been widely explored to
engineer the desired NLO properties of the molecules.
For example, variation of the conjugation length®*3°
allows for tuning transition energies and transition
strength for both linear and nonlinear absorption.
Electron donor/acceptor substituents?®2>283132 can
further modify and enhance optical properties. Finally,
branching?®*3% is an efficient way of enhancing the
NLO response of molecules, whereas it typically has a
minor effect on the linear optical spectra.

The availability of the attractive, inexpensive syn-
thetic routes for the QDs combined with their superior
NLO properties*~® enables them to be potential com-
petitors with organic molecules in the endeavor for
NLO applications. Fewer opportunities for modification
and NLO enhancement have been explored for QDs, as
only limited experimental data are available on their
NLO properties.*~° Various theoretical approaches” "
have been used to interpret these experimental data.
These models, however, almost completely ignore the
broad quantum chemistry approaches developed for
organic molecules.?>2>~%” Additionally, in the majority
of studies, the merit of a particular model is determined
mainly on the basis of reproducing experimentally
observed transition energies. Much less attention has
been paid to the agreement between experimental
and theoretical values of the respective dipole mo-
ments and NLO absorptivities and, therefore, to agree-
ment between experimental and simulated absorption
spectra on an absolute scale. Therefore, detailed un-
derstanding of the relationship between the structure
and chemical composition of QDs and their NLO
responses is currently missing. For example, control-
ling the QD size allows one to tune optical spectra in a
way somewhat similar to the variation of the conjuga-
tion length in the molecules. However, the effects of
shape control and surface chemistry are much less
explored, but can also be used to fine-tune optical
properties and NLO responses.

Here we present a systematic experimental and
theoretical study of the linear and nonlinear optical
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responses of colloidal QDs focusing on their electronic
structure and properties. We extensively use meth-
odologies developed for organic molecules, apply
them to QDs, and then compare and contrast the
results to those for the organic molecules to highlight
both similarities and differences for these two types of
nanoscale chromophores, which potentially can be
used in the same applications, such as biological
fluorescent markers, nonlinear optical limiters, etc. In
particular, we measure the one-photon (1PA), two-
photon (2PA), and transient absorption (TA) spectra
of CdSe core-only and CdSe/ZnSe core/shell QDs with
varying core sizes and shells. We further calculate 1PA
and 2PA spectra and compare the results with the
experimental observations. Specifically, we test
whether the NLO response of QDs can be described
using a sum-over-states expression with the same calcu-
lation techniques as used for organic molecules.?**~%’
As full quantum-chemical calculations are not feasible
for the large-size QDs, containing hundreds and thou-
sands of atoms, we examine the applicability of effec-
tive-mass calculations to the description of the NLO
response of the larger sized QDs. We also report the
theoretical characterization of the linear, and for the
first time, two-photon optical properties of the ligated
Cds;Ses; clusters using time-dependent (TD-) DFT.?>26
The effects of partial and full surface ligation, as well as
the role of solvent, are discussed in terms of the optical
oscillator strengths, as well as frequency dependent
polarizabilities and hyper-polarizabilities.

Our study allows us to quantify the ranges of applic-
ability of theoretical methods used in this paper with
respect to the size of semiconductor nanocrystals.
Scheme 1a illustrates three distinct size scales for the
QDs identified for the CdSe with a lattice constant of
0.6 nm and an exciton Bohr radius of 5 nm.>* For large-
sized dots (more than ~3 nm in diameter) the effective-
mass approximation is adequate to describe both
1PA and 2PA spectra. Further, the surface states only
weakly affect the optical spectra, and the QDs repre-
sent a continuous transition toward the bulk. There-
fore, solid-state theoretical methods such as compre-
hensive effective-mass approximations are well suited
to quantitative description of these QDs. Small dots
(nanoclusters) ~1.3—1.5 nm in diameter behave some-
what like macro-molecular systems. Consequently, the
types of ligands, their surface densities and positions
are important to the electronic properties of these
chromophores, so that only quantum chemistry tech-
niques can adequately describe their linear and non-
linear optical absorption spectra. Previously QDs of this
size-range were not readily available for experiments
due to challenging synthetic approaches and low
stability. The chemical composition and conformation
of these nanoclusters are hard to control as the rigid
semiconductor crystal core is not yet fully developed in
them. However, this situation is changing rapidly with
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Scheme 1. (a) Three important size regions of QDs can be
readily recognized. For QDs with the diameter more than
3 nm (large size), the effective-mass model is adequate in
describing both 1PA and 2PA spectra, and the behavior of
quantum dots resembles that of a bulk semiconductor. For
the smallest dots (nanoclusters), ~1.3-1.5 nm diameter (and
smaller), surface states, types of ligands, their number and
positions are important, so only quantum chemistry can be
used to adequately describe the absorption spectra, and
therefore, the nanoclusters can be thought as large macro-
molecules. In between these two regions, there is an inter-
mediate size window where the effective-mass model
becomes inadequate as the size of QDs approaches the size
of unit cell of the bulk material, while quantum chemistry is
limited due to computational resources. Other approaches,
such as multiband effective-mass models, excitonic calcula-
tions, pseudopotential methods, or mixed calculations
might be appropriate in this size region. In this window
confinement effects are important, and therefore quantum
dots of these sizes cannot be directly compared to mol-
ecules or bulk semiconductors. Comparison of the elec-
tronic structure of centrosymmetrical organic molecules (b)
and quantum dots (c) highlights important differences and
similarities: the strength of the two-photon allowed transi-
tions in centrosymmetrical molecules is defined by dipole
moments between the ground (So) and excited state (S;, i > 0)
and between the two excited states (for example, the So—S,
transition can be mostly determined by the dipole moments
between the states So and S, (us,_s,) and S; and S; (us, _s ),
where excited state S, acts as an intermediate virtual level).
For QDs, on the other hand, the 2PA strength is determined
by the dipole moments of the interband and intraband
transitions. For example, the 1S, — 1P, transition is mostly
determined by the dipole moments of the 1S, — 1S,
interband transition (u4s_1s,) and 1P, — 1S, intraband
transition (us,_1p,), Where the 1S, state acts as an inter-
mediate level. Therefore, interband dipole moments of QDs
can be compared to the dipole moments between the
ground and excited states of organic molecules, while
intraband dipole moments can be compared to dipole
moments between the excited states. (d) Construction
of spherical Cds3Sess nanocluster from the wurtzite-type
lattice of bulk CdSe

the recent introduction of the stable synthetic routes
for such nanoclusters.>**” In between these two size
ranges there is an intermediate size window, where the
electronic properties of QDs are strongly controlled by
quantum confinement phenomena. Such QDs repre-
sent chemically and optically stable nanostructures,
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with NLO that can fully benefit from the confinement
effects. Unfortunately, in this size regime, effective-
mass models become inaccurate because structural
atomistic details are important. Likewise, quantum
chemistry approaches are not yet tractable due
to limitations in computational power available.
Other approaches, such as multiband effective-mass
models,*"" excitonic calculations” or pseudopotential
methods*®~*° might be appropriate in this size win-
dow, though further studies are necessary to test these
methods.

Below we compare experimental and theoretical
1PA and 2PA spectra of CdSe QDs for all three size
ranges. To facilitate the physical interpretation of the
obtained results, the 1PA and 2PA spectra were simu-
lated using a simple single-band effective mass model.
Despite known deficiencies (e.g., lack of interband
coupling), we find that linear (1PA) and nonlinear
(2PA) optical properties of the large-size regime QDs
are described rather well by this model. Notably, TPA
and 2PA cross sections are found to be comparable to
that of the best organic molecules. The 2PA cross
sections at 800—815 nm follow bulk volume scaling
similar to that observed for 1PA at 400 nm. In the
intermediate-size regime, comparison of the spectra
measured experimentally and calculated using the
effective-mass model suggests deviation from the
trends observed for the larger-sized QDs. The effective-
mass models become inaccurate as the optical proper-
ties are affected by structural details at the atomic
scale. The 2PA volume scaling still holds at 800 nm, but
not at 815 nm. For the small nanoclusters, significant
deviations between the effective-mass and quantum-
chemical calculations suggest that the detailed de-
scription of QD surfaces is important for proper deter-
mination of their optical properties.

RESULTS AND DISCUSSION

Large-Size Quantum Dots. Electronic properties of
semiconductor nanocrystals gradually deviate from
their bulk counterparts once the QD dimensions be-
come smaller than the exciton Bohr radius, reflecting
quantum confinement effects.'’**2 For the large-size
regime (see Scheme 1a), band theory and effective-
mass models*'%'" are well established methods allow-
ing for quantitative description of electronic bands and
the resulting optical properties of QDs.

Figure 1 compares experimental 1PA and 2PA
spectra of the six differently sized core-only QDs
(diameter from 3.1 to 4.5 nm) with the effective-mass
calculations. The 1PA spectra show a broad size-
dependent transition at ~541—590 nm, and a shoulder
at ~503—560 nm, followed by a rapid increase toward
shorter wavelengths with two additional shoulders
noticeable at ~451—484 nm and ~378—393 nm. Sup-
porting Information (SI), Table SI1 lists the peak wave-

red

lengths for the lowest energy transition (A755) and its
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Figure 1. Comparison of the one-photon (black and red lines) and two-photon (blue symbols and magenta lines) absorption
spectra of the six large-size QDs in hexane measured experimentally (black and blue) and calculated using the effective-mass
model (red and magenta) shows that these QDs can be reasonably well described by bulk-like band models taking into
account quantum confinement effects.

maximum cross sections and molar absorptivity (654  transitions, respectively.'’*?

In our effective-mass
and €53, see S| for details on measurements). model we ignore spin—orbit coupling and introduce
The observed 1PA bands are typically attributed to the “soft” selection rules for orbital momentum (see

1Sh,, = 1Ses 2Sh,, = 1Se 1Ph,, = 1P, and 35, . — 1S Methods). Henceforth we omit the spin index of the
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holes in denoting transitions, as it is not that important
in the context of this study. The spectra calculated
using the effective-mass model are similar to those
measured experimentally, if the calculated energies
are empirically corrected according to expression v ~
Veac(l — 0.06(1 — R/Ry)). Here, ¥ are the transition
frequencies used to calculate spectra, 7V, are the
transition frequencies obtained from the effective-
mass model, R is the radius of the QD, and Ry =
2.50 nm. As the size of QDs decreases, however, our
calculations tend to overestimate the absolute values
of the molar absorptivity at shorter wavelengths.
Overall, %%, %%, and transition dipole moments
increase with an increase of the size of QDs. This is
similar to the behavior of conjugated organic mol-
ecules; those peak wavelengths and cross sections
tend to grow with an increase of the conjugation
length until saturation is reached.”**° Notably, the
absorption of QDs shows an almost monotonic in-
crease toward shorter wavelengths. This follows a
characteristic behavior observed in the parent bulk
semiconductor.** In contrast, optical spectra of the
common conjugated organic molecules typically have
only afew pronounced transitions.2>* This increase is
attributed to the growth of the density of states further
away from the band gap, but not to an increase of the
associated transition dipole moments themselves.
2PA spectra have very weak cross sections for the
laser wavelength at twice the A5, supporting the 2PA
symmetry dipole-forbidden nature of the lowest
energy transition in the QDs. However, the dipole
selection rules are partially softened under realistic
conditions due to band mixing and nonspherical QD
shapes, as discussed in the Methods. This results in the
appearance of allowed 2PA excitations in this range
due to the 1S, — 1Se = 1P, — 1S + 1P, — 15, tran-
sition as well as the 1S, — 1S = 1S, — 1P. + 1P — 1S,
transition. At shorter wavelengths, the 2PA spectra
reveal three peaks (at 1055, 815, and 715 nm for
QD 6) and a shoulder (at 950 nm for QD 6). The posi-
tions of the two high-energy peaks seem to be inde-
pendent of the QD size, while the lower-energy bands
red-shift with an increase in QD size. The spectra reveal
a drop in 2PA near 700 nm, which is counterintuitive
compared to 1PA. This is, however, consistent with the
2PA of bulk CdSe (see Figure 2 below) and with the
results of quantum-chemical calculations for the small
nanoclusters (see Figure 5 below). Interestingly, in this
spectral range both 1PA and 2PA are overestimated by
the effective-mass model, probably suggesting that
the high excited-state transition dipole moments are
overestimated. A similar issue is known for more
sophisticated computational methods, where 2PA
sometimes does not converge due to an insufficient
number of excited states considered, but is not well
studied for the band models. For example, in our case of
quantum chemistry calculations of small nanoclusters,
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Figure 2. Two-photon absorption spectra of the quantum
dots (symbols) normalized by the number of pair of Cd—Se
atoms resemble bulk-like behavior at short wavelengths,
and show confinement effects at longer wavelengths. The
green line shows two-photon absorption of bulk CdSe
renormalized per pair of Cd—Se atoms. The inset shows
2PA cross sections at 800 nm (black squares), the 1S, — 1S,
transition (red circles), and the 1D, — 1S, transition (blue
triangles) as functions of the QDs volume. Black line shows
volume scaling for the 800 nm cross sections based on the
bulk 2PA. Blue and red lines are guides for the eye to show
deviations from linear volume scaling.

only a limited number of states in the low energy
portion of the electronic spectrum is computationally
accessible, subsequently, the sum-over-states conver-
gence progressively decreases for the high energy
spectral window. As we discuss below, in this spectral
range QD states are typically considered as bulk-like,
and therefore the 2PA should follow that of the bulk
CdSe, as observed. Simple effective-mass models, on
the other hand, are not well suited for description of
the transitions away from the band edge. In addition to
this, quantum-interference between transitions with
similar strengths is not taken into account by effective-
mass models, which can affect calculated 2PA spectra
(see the Methods section for more information). This
is especially important at high transition energies,
where the likelihood of having transitions with similar
strength increases because of the high density of
states.

Effective-mass calculations suggest that the transi-
tions dominating observed peaks are 1D, — 1S = 1P, —
1Se + 1Py, — 1Dy, for the first peak (c.f. transition energy
~18700 cm™"' for QD 6), 1D, — 1D = 1F, — 1D +
1Fy, — 1Dy, for the second peak (c.f. transition energy
~23705 cm™ for QD 6),and 1Gy, — 1De = 1F, — 1D +
1F, — 1Gy, for the third peak (c.f. transition energy
~26630 cm~! for QD 6), while the shoulder roughly
coincides with the transition 1F, — 1P, =1D;, — 1P, +
1Dp— 1F, (¢.f- transition energy ~22340 cm ™' for QD 6).
Calculations also suggest that the transitions 1P, —
1Pe = 1Dy, — 1P + 1D, — 1P, and 1P, — 1Po = 1P, —
1De 4+ 1De — 1P, (c.f. ~19780 cm ™ for QD 6) should be
visible in 2PA spectra; however, our experimental
results do not confirm this. Overall, the calculated

VOL.8 = NO.12 = 12572-12586 = 2014 K@LNMLJ\)\

WWwWW.acsnano.org

12576



spectra tend to underestimate the absolute 2PA cross
sections in the 800— 1000 nm spectral range, especially
for the smaller-size QDs, and overestimate it at the
shorter wavelengths. The agreement between effective-
mass calculations and experimental data is typically
better for low-energy transitions and gets pro-
gressively worse for the higher-energy transitions."’
This behavior can be explained by the ligand/surface
states strongly affecting high-energy transitions. In-
deed, ligand transitions in the UV spectral range mix
effectively with the bulk-like states of the QDs (see
discussion on the quantum-chemical calculations in
what follows). Interestingly, our calculations show that
the hole intraband transitions dominate the 2PA re-
sponse. This can be qualitatively attributed to the
larger density of states for the valence band of CdSe
QDs. Because of the larger effective masses of holes,
the spacing between their states is small, and there-
fore, the detuning factor v;,, — v (see eq 5) is typically
smaller for the holes. Thus, the contribution from the
holes is larger, and thus 2PA allowed transitions typi-
cally involve an intermediate state in the valence band.

An important distinction can be made between
QDs and organic molecules based on the comparison
of the 1PA and 2PA spectra in Figure 1. For noncen-
trosymmetric molecules?®?'?’ 732 optical selection
rules allow the same transitions to be accessible by
both 1PA and 2PA processes. The opposite is true when
the molecule possesses inversion symmetry,5333% so
that excited states of different symmetry, odd to even,
are allowed for 1PA, but even to even are allowed for
2PA excitations, respectively. In the case of the QDs, on
the other hand, selection rules require a change of
orbital momentum of AL = 1 for the intraband transi-
tions, which generally places the 2PA transition en-
ergies close to the 1PA transition energies, as the hole
states are densely spaced. This produces a slight blue
shift for the 2PA peaks when compared to their TPA
counterparts. To make a few specific comparisons
between QDs and centrosymmetric conjugated mol-
ecules of similar size, we consider the 1PA and 2PA
properties of a so-called extended squaraine molecule,
see dye 3 from ref 45, that has a molecular length of
~3.6 nm. The 1PA molar absorptivity of dye 3 is 3.5 x
10° M~ em ™" at 856 nm (0 &~ 1.3 x 107> cm?), in
comparison to the 3.4 and 3.7 nm CdSe QDs, which
have molar absorptivities for the lowest exciton band
of 1.7 x 10° M " em™' at 557 nm (0~ 6.4 x 10~ '®cm?)
and 21 x 10° M~ cm™ at 567 nm (0 ~ 8.1 x
107> cm?). The absorption is lower than but compar-
able to that of the extended squaraine dye 3. The 2PA
cross section of the squaraine dye 3 is 33000 GM at
1050 nm, which is again rather close in magnitude to
those of the 3.4 and 3.7 nm QDs. The 3.4 and 3.7 nm
QDs both exhibit 2PA cross sections of ~18000 and
19000 GM at ~960 nm, fairly close to the value for
squaraine dye 3. In both cases, the 2PA active transition
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does not correspond to the lowest-energy 1PA transi-
tion, but does overlap with one of the higher-energy
transitions.

Overall, the 2PA cross sections of our QDs are similar
to those reported in ref 4. The cross sections increase
with increasing QD size, and the concomitant red-shifts
of the confined low-energy bands suggest similarities
to the delocalized transitions of the organic molecules,
while the bulk-like higher-energy transitions, which do
not shift much with the size, are similar to the spatially
localized transitions of organic molecules.

As we argued above, the optical properties of large-
size QDs are expected to show similarities to those of
bulk semiconductors. In this regard, it is interesting to
compare 2PA of the QDs with that of bulk CdSe.*® The
peak QD cross sections at 800—815 nm have values
very close to the product of the peak cross section of
bulk CdSe and the number of atom pairs in the QD. This
is illustrated in Figure 2, which shows 2PA spectra of
QDs normalized to the number of CdSe atom pairs
overlapped with the 2PA of bulk CdSe. This suggests
that 2PA at short wavelengths (~700—800 nm) is
dominated by bulk effects, while the longer-wave-
length absorption is due to confinement effects and
is less than that of a bulk crystal. Consequently, the 2PA
peaks at ~720 nm and ~810 nm do not shift with the
QD size, while the position of the longer-wavelengths
peaks is strongly affected by the QD size. A similar
trend is well-known for the linear absorption, where
cross sections of QDs are often compared to the bulk
based on volume scaling®’ at high energies (typically
3.1 eV), where the energy levels are considered to be
bulk-like. Interestingly, Figure 2 suggests that all QDs of
this size range have a 2PA transition band at
~1050 nm, where strength progressively decreases
as the size of QDs decreases. One should keep in mind,
however, that all the transition energies shift with QD
size, and, therefore, this peak corresponds to different
transitions for the different QDs, from 1S, — 1S, =
1Ph_’ 1Se -+ 1Ph - 1Sh for the QD 1 to 1Dh - 1Se =
1Ph_’ 1Se+ 1Ph_’ 1Dh for the QD 6.

The inset to Figure 2 shows more specifically that
the linear volume scaling of the 2PA cross sections is
valid at 800 nm (black symbols and black line), while
the quantum confinement affects lower-energy transi-
tions, such that their volume scaling deviates from the
linear (blue and red symbols, note that the cross
sections of the 4.5 nm QDs are almost the same as
for the 3.2 nm QDs for the 1S, — 1S, and 1D, — 1S,
transitions).

To validate our expectation that the 1PA and 2PA of
the large-size QDs are not that sensitive to passivation
and ligand effects, we have performed measurements
of core/shell QDs (see SI, Figures SI5 and SI6 for details).
The spectra are only slightly affected by the presence of
the shell at short wavelengths due to absorption of the
shell material. More sophisticated shell architectures,
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Figure 3. Comparison of the one-photon (black and red lines)
and two-photon (blue symbols and magenta lines) absorp-
tion spectra of the Cd;;;Se;;; QD in hexane measured
experimentally (black and blue) and calculated using the
effective-mass model (red and magenta) shows disagreement
in the position and intensity of the transition bands, suggest-
ing that the QDs of this size behave more like quantum
confined nanostructures, which require special techniques
to be used for their accurate theoretical description.

however, are available for “engineering” of wave func-
tions and controlling QD properties; use of such core/
shells structures, mostly not yet tested, can result in
significant improvements of the NLO properties.*®
Intermediate-Size Quantum Dots. As the size of QDs is
further decreased, it approaches the extent of the bulk
semiconductor unit cell. In this case, the effective-mass
approach is expected to fail."" As is evident from the
smallest size of QDs in Figure 1, this trend is indeed well
observed. To study QDs in this intermediate size range
we synthesized a larger cluster with ~2.2 nm diameter.
This size roughly corresponds to a Cd;1,Se; 7 structure,
which may be constructed by adding an extra atom-
thick layer on the top of the smaller Cds3Sess cluster.
Figure 3 compares 1PA and 2PA spectra of the
Cd;11Se111 QDs measured experimentally and calcu-
lated using the effective-mass model. As expected,
contrary to the larger-size QDs, effective-mass calcula-
tions show much greater disagreement with the ex-
periment for both 1PA and 2PA spectra. The calculated
1PA peaks are red-shifted, narrower and stronger
compared to those observed experimentally. This can
be partially explained by a somewhat broader size
distribution and the possible errors in size determina-
tion of the synthesized QDs, which would be hard to
estimate due to the limited resolution of the TEM
images. Calculated 2PA cross sections are smaller
compared to the experimental data for the 800—
900 nm spectral range; however, the situation is re-
versed at the shorter wavelengths. Notably, calcula-
tions qualitatively preserve the 2PA spectral features,
which can be compared to the typical uncertainties en-
countered when contrasting the experimental and cal-
culated spectra of organic molecules.?® The calculated
transitions appear to be blue-shifted compared to the
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Figure 4. Comparison of the one-photon (black and red
lines) and two-photon (blue and magenta lines) absorption
spectra of the Cds3;Sess QD calculated using quantum-
chemistry approach (black and blue) and effective-mass
model (red and magenta) shows significant differences in
lineshapes and transition strengths, suggesting that for this
size of QDs, the effective-mass approach can be used only
for a qualitative description of the optical spectra.

experimental data, and the observed trends suggest
that QDs of this size behave more like quantum con-
fined nanostructures, which requires special techniques
to be used for their accurate theoretical description.
Even though the eight-band model'" might be partially
useful here, it still has the limitations of all the effective-
mass models as atomistic features become important
for this size-range of QDs; accordingly more sophisti-
cated numerical approaches are desired. Quantum
chemistry can potentially become applicable as compu-
tation power improves and better algorithms are devel-
oped. At the moment, however, excitonic calculations’
or pseudopotential methods*®~*° seem to be the most
appropriate candidates for theoretical description of the
optical properties of QDs in this size range.

Notably, bulk volume scaling for the 2PA cross
sections at 815 nm (see above) does not apply for this
size of QDs, and the experimental value is almost 40%
lower than that of the bulk. At wavelengths shorter
than 780—800 nm, though, the 2PA cross sections of
the QDs closely follow the bulk CdSe value. This
suggests that as the QD size decreases, higher-energy
states can be considered as bulk-like states, while the
states below ~3 eV are altered by quantum confine-
ment effects.

Even though it is expected that the nanostructures
in this size window should fully benefit from the
quantum confinement effect, our measurements show
that this does not improve their NLO properties. In-
stead, 2PA gets reduced (compared to the bulk volume
scaling), suggesting that surface effects are detrimen-
tal to the NLO properties. This is further supported by
the following discussion.

Nanoclusters. As the size of the QDs is decreased
even further, the effects of individual atoms, surfaces,
and ligands on the optical responses become even
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Figure 5. One- (black lines) and two-photon (blue lines) absorption spectra of the Cds3Sess QDs calculated using the
quantum-chemical approach show the importance of solvent environment and ligands effects. Panels a, b, ¢, and d
correspond to an unpassivated cluster, and passivated with 9 OPMes, 9 NH,Me, and 21 NH,Me model systems, respectively.
Vertical dark gray lines correspond to the oscillator strength of optical transitions. The red line shows the density of excited
states, which includes all possible transitions. The 1PA and 2PA energies are scaled accordingly (to transition energies) to

highlight the similarities or differences between the spectra.

more important. Unfortunately, these small-sized QDs,
often termed nanoclusters,**>° are not readily avail-
able for experimental measurements. We, therefore,
restrict our discussion here to comparison of their
optical spectra calculated using effective-mass and
quantum-chemical methods only.

Figure 4 shows that effective-mass and quantum-
chemical calculations of the Cds3Sess spectra only
agree qualitatively with each other. The narrow ab-
sorption peak previously experimentally observed in
Cd33Ses3 at 389 nm***C is in between the calculated
values (383 nm for quantum-chemical and 392 nm for
effective-mass calculations). The shoulder (~425 nm)
seen in quantum-chemical calculations is typically
ascribed to larger-size QDs, but in our case it is
due to ligand-localized states. While effective-mass
calculations are mostly not applicable in the case of

MAKAROV ET AL.

nanoclusters, and can give only qualitative information
about their optical properties, quantum-chemical cal-
culations are efficient for these sizes, and can address
various questions, including the quality of the ligand
passivation and solvent effects. Comparison of both
1PA and 2PA to the volume scaling shows that the
estimated 1PA cross sections (11.5 x 107" cm? at
400 nm) is somewhat larger than that given by quantum-
chemical calculations (7.6 x 10~ cm?) or effective-mass
calculations (5.0 x 107" cm?). The 2PA volume scaling
does not hold at any wavelength for this size of QDs,
showing once again the importance of surface and
ligand states.

Figure 5 illustrates the importance of the ligand
states by comparing spectra calculated for unpassi-
vated and passivated clusters (panels a—d). In the case
of bare and partially passivated QDs in vacuum, the
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2PA and 1PA spectra closely follow each other. With
the unpassivated dot as a benchmark, a slight blueshift
in the first maxima of 2PA occurs upon ligation with
NH,Me and OPMes. It is interesting to note that the
chemical nature of the binding ligand (via oxygen or
nitrogen) seems to have little effect on the character-
istics of the 2PA (compare Figure 5, plots iii and v), and
only a minor reversal of high-energy intensity in the
region of 3.5—3.8 eV is noted for the 1PA. Overall, the
ligand addition intensifies the lowest-energy transi-
tions (characterized by participating hole states near
the top of the valence band and a lowest unoccupied
molecluar orbital (LUMO) electron state in the conduc-
tion band) in the TPA in the region of ~2.6—2.8 V. This
effect is clearly demonstrated for the fully passivated
QD (see Figure 5d-viii), with a strong enhancement of
absorption in the 3.2 eV range (see Figure 5, plots v
and viii). This may be attributed to increased delocali-
zation of participating electron and hole states due to
dense ligand coverage effectively providing a large
dielectric constant environment outside of the QD.
This leads to enhanced overlap of the respective wave
functions and thus amplifying the resulting transition
dipole moment.

Interestingly, partial and full passivations have oppo-
site effects on the low-energy 2PA. Compared with the
bare QD, 2PA of the partially passivated QDs is enhanced
below ~3.0 eV concomitant with the rise in total transi-
tion density. Upon full passivation, a strong suppression
of 2PA is observed below ~2.6 eV, whereupon the
response increases monotonically with increasing en-
ergy (see Figure 5, plot vii). Notably, the addition of 9 or
21 ligands enhances the transition-dipole strengths of
the low energy transitions, and also enhances the 2PA
cross sections for higher-energy transitions as evi-
denced by the increased magnitude in the ~1.7—
2.0 eV 2PA energy range (plots i < jii &~ v < vii).

As can be seenin Figure 5, plots i and ii, the addition
of solvent mimics the effect of total passivation of the
bare dot, with significant enhancement of both 1PA
and 2PA responses resulting from strengthening
the low-energy transition dipole moments (compare
Figure 5, plots ii, vii). In agreement with previous
results®’ the presence of solvent leads to a blueshift
of all optical spectra, although the overall effects are
strongest in those structures that are less sterically
screened to the dielectric environment by the coordi-
nating ligands (Figure 5a,c). Figure 5, plot vii displays
the best agreement with experimental results for the
smallest measured dots, with the onset of 1PA occur-
ring around 2.2 eV (~550 nm) and 2PA at 1.2 eV
(~1000 nm). The TPA demonstrates the previously
obtained experimental features up to ~3.5 eV.*>>°

Overall, the small size QDs can be, in principle,
compared to large size macromolecules, for which
quantum-chemical calculations find broad use. Similar
to the effects of the conjugation length,?**° donor/
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acceptor substituents, and branching
on the optical properties of organic molecules, the type
of ligands and ligand surface density can substantially
affect the optical properties of small QDs.

CONCLUSIONS

Significant breakthroughs in understanding structure
—property relationships for organic molecules have
opened up wide possibilities for their applications, through
our ability to fine-tune their linear and nonlinear optical
response through structure. However, their relatively low
photostability, complicated synthetic chemistry, and also
relatively low two-photon cross sections, relative to the
larger sized CdSe QDs, pose significant challenges for the
wide commercialization of these materials. Semiconductor
quantum dots can be considered to be promising candi-
dates to address these weaknesses of organic molecules.

Here, we have performed a systematic study of the
nonlinear optical properties of CdSe colloidal quantum
dots. We measured two-photon and transient absorp-
tion spectra and cross sections of core-only and core/
shell quantum dots of various sizes and compared the
experimental results with theoretical predictions based
on quantum-chemical calculations and the effective-
mass model. This allowed us to quantify the ranges of
applicability of these simulation techniques.

Comparison of the experimental results with the
effective-mass calculations reveals very good agree-
ment for QDs of size larger than 3 nm in diameter,
which progressively becomes worse as the size de-
creases. We believe that this is a very important conclu-
sion since it allows one to use the simple and physically
transparent computation methods to gain an insight
into complex optical nonlinear processes. Smaller-sized
dots require more sophisticated calculation techniques
as they resemble nanostructures and nanoclusters
where confinement and surface effects play an impor-
tant role in determining optical spectra. For the smallest
Cds3Ses3 nanoclusters, results of the effective-mass and
quantum-chemical calculations agree only qualitatively.
Quantum-chemical calculations suggest that the non-
linear optical response of small nanoclusters depends
on the level of their passivation, though not strongly on
the chemical nature of the binding ligand itself. The
inclusion of a dielectric environment intensifies the
overall optical response, in addition to a large enhance-
ment of low-lying transitions in the linear absorption.

Our study shows that despite the quantum confine-
ment effects, two-photon absorption of quantum dots
is mostly suppressed compared to that of bulk semi-
conductor. While the two-photon absorption cross
sections are among the largest observed to date for a
single material structure, they suffer compared to
organic molecules due to the large volume and mo-
lecular weight of the QDs as well as significant di-
electric screening. In general, QDs seem to be similar to
quadrupolar and octupolar organic molecules in the
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sense that their individual 2PA transitions are well
described with pure 3-level systems, however, they
are at the same time different from organic molecules
in the sense that they have an almost continuous
density of states, and therefore calculations of their
absorption spectra require consideration of a rather
large number of excited states.

Overall, while the 2PA cross sections of QDs are
relatively large compared to most organic molecules,
they should not be compared directly. First, dielectric
screening reduces the effective 2PA cross sections of
QDs by almost 1 order of magnitude. Second, for most
practical applications, 2PA cross sections normalized
by molecular weight (or size) should be considered.

METHODS

Synthesis of Quantum Dots. CdSe QDs were synthesized as
described in ref 55: trioctylphosphine oxide (TOPO; 4.0 g),
hexadecylamine (HAD; 2.5 g), and tetradecylphosphonic acid
(TDPA; 0.075 g) were mixed into a 50 mL three-neck flask. The
solution was repeatedly degassed and purged with argon at
100 °C for 1 h using a Schlenk line. A 1.0 mL aliquot of 1.0 M
trioctylphosphine-Se (TOP-Se) precursor solution was then in-
jected into the flask. The reactants were then heated to 280 °C
under argon. At this moment, 1.5 mL of cadmium precursor
solution was swiftly injected into the reactants. The tempera-
ture of the flask dropped by approximately 15 °C. While the
temperature was maintained at 265 °C, in order to control the
average size of the CdSe QDs, the extractions were performed at
minute 1, 3,9, 11, 13, and 15. In the text we refer to these QD
samples as 1 through 6, respectively.

Unreacted cadmium precursors were separated from QDs
by adding an equal volume of methanol (used as an extraction
solvent). The resulting mixture was centrifuged at 5000 rpm to
obtain the precipitate. The precipitate was then suspended in

Diameter, nm

The ratio o3"™/M.W. is the largest for the small QDs,
reaching 1 GM/Da. The same ratio for organic mol-
ecules can reach much larger values, up to 20 GM/
Da>>~>* and above. Finally, even though stability of
QDs under light excitation is somewhat better com-
pared to molecules, their stability under ambient con-
ditions (e.g., long-term storage) may be worse due to,
for example, oxygen-sensitivity. With respect to appli-
cations, the large 2PA cross sections of semiconductor
nanocrystals can be attractive for techniques such as
single-particle (bio)imaging. Likewise, the broadband
spectra of the QDs with their large density of states can
be advantageous for other applications, such as optical
power limiting.

hexane. This purification process was repeated two times in
order to completely remove any trace of unreacted cadmium
precursors.

Figure SI1 shows transmission electron microscopy (TEM)
images of the synthesized QDs (the images received noise
reduction and contrast enhancement for better clarity). The
distribution of sizes determined from TEM measurements of
QDs is shown in Figure 6, and the average sizes are listed in
Supporting Information, Table S1. Each sample shows a pre-
dominant size distribution with the variations not more than
8%. At least 300 quantum dots of each sample were used to
analyze their size distribution.

Measurement Procedures. 1PA spectra of the QDs in hexane
solution were measured using Shimadzu UV-3101PC and
PerkinElmer Lambda 15 scanning spectrometers at room tem-
perature. Emission was recorded using J&M TIDAS and Jobin
Yvon SPEX Fluorolog-3 spectrofluorimeters. Emission lifetimes
were measured using an Edinburgh Instruments time-corre-
lated single photon counting (TCSPC) system. The picosecond
excitation pulsed diode laser (LDH-P-C-470, Picoquant) emitting
at 467 nm was used as an excitation light source with a
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Figure 6. Size distributions of the synthesized CdSe quantum dots.
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repetition rate of 200 kHz and a pulse duration of ~140 ps
(fwhm). A high-speed microchannel plate photomultiplier tube
(Hamamatsu R3809U-50) cooled to —20 °C was used for time-
resolved detection. The measurements were done using 50 and
500 ns time windows and 2048 channels with resolutions of
~24 ps/channel and 240 ps/channel, respectively.

TA was measured using an Ultrafast Systems Helios non-
linear spectrometer as described earlier.”® The excited-state
molar absorptivities and cross sections were estimated based
on comparison of the TA bleach signal to the 1PA molar
absorp’(ivities,57 together with the measured excited state
absorbance and the excited state population distribution along
the beam path through the cell.>

2PA was measured using a two-arm two-photon excited
fluorescence spectrometer as described elsewhere.*® The spectra
were referenced using Lucifer Yellow (4 < 900 nm), Rhodamine
6G (900 < A < 1120 nm), and Rhodamine B ( > 1120 nm).>° The
cross sections were measured relative to Rhodamine 6G at 1 =
834 nmand 4 =886 nmusing 1PA and 2PA excitation of the same
samples (concentrations ~1 x 107% M, 1 mm path length) in the
identical geometry of the same experimental setup. The cross
sections of the small QDs were measured relative to Coumarin
485 at1 =778 nm.To do those measurements one needs to know
the 1PA molar absorptivities or cross section as well as emission
quantum yields. Detailed descriptions of these measurements
and their discussion are given in the SI.

Effective-Mass and Sum-Over-States Calculations. 1PA and 2PA
spectra of the larger-sized QDs have been studied theoretically
using the effective-mass model.*'° This approach allows one to
find the QD electronic structure (e.g. transition energies) and
its dependence on the dimensions for the QDs by solving the
Schrédinger equation for each carrier, that is, separately for elec-
trons and holes, assuming spherical symmetry of the QD. Specifi-
cally, the energy of a carrier in a QD was found as an eigenenergy of
the following equation for the radial wave function, g0

R2L(L+ 1)
2m(r)r?

W, =

_hd (i AW EnWo (1)

2dr\mn dr )‘FV(()IPnLJr
where m(r) is the carrier effective mass, L = 0(S),1(P),2(D),- - - is the
orbital momentum, and n is the radial quantum number, enumer-
ating solutions of the Schrodinger equation for given L, starting
from the lowest energy. This equation is solved independently for
electrons and holes separately, assuming negative effective mass
in the latter case; the exciton energy is then calculated as a sum of
the resulting electron and hole energies. The adopted boundary
conditions require wave functions to vanish at the surface of
the QDs.

The numerical solution of the radial Schrédinger equation is
implemented via discretization of the radial coordinate, and,
therefore, transformation of the Schrodinger differential equa-
tion into a matrix eigenvalue problem. We have found that this
approach is fast and free of any numerical instability issues.
Furthermore, solving the radial Schrédinger equation by trans-
forming it to the matrix eigenvalue problem introduces the
possibility of straightforward generalization of the problem for
different spherical symmetry core/shell QDs. For example, the
continuous variation of effective mass and conduction (valence)
band potential (i.e., alloying) is straightforward to implement.
This generalization has not been pursued in this paper but will
be of great help for future studies.

As a result, atomic-like states defined by the principal
quantum number n and orbital angular momentum (S, P,
D, ..) are computed for electrons and holes. Using calculated
transition energies and wave functions, dipole moments can be
obtained in order to compute the 1PA and 2PA spectra using
the sum-overstates (SOS) expressions.e'1 SOS expressions are
used extensively for molecular systems with optical transitions
defined by global many-electron states as illustrated in
Scheme 1b. Subsequently, calculating the NLO responses in-
volves a summation over the Liouville pathways involving
intermediate states coupled by the respective permanent and
transition dipole moments. In the case of the effective-mass
calculations, electronic transitions are defined as transitions
between single-particle electron and hole states (Scheme 1c).
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This evidences several distinctions of which to take note. First,
2PA transitions in molecules include one ground-to-excited
state and one excited-to-higher-excited state dipole moments
(Scheme 1b). The corresponding dipole moments for QDs in-
volve one interband and one intraband transitions (Scheme 1c).
Second, as the detuning factor (v, — v) becomes large for the
intermediate excited states far from the final state, the 2PA
response of many molecules with low excited state density can
be well described using simplified two- and three-level models,
whereas the high density of states in QDs necessitates summa-
tion over the all respective inter- and intraband states to obtain
converged values of nonlinear optical coefficients. Third, the
intraband dipole moments in QDs include both conduction and
valence band components, and thus the summation should
include both bands. Because of the larger density of states for
the valence band of CdSe QDs, however, the detuning factor is
typically smaller for the holes, and thus, 2PA allowed transitions
typically involve intermediate states in the valence band (see
the discussion section).

In our model, the transition dipole moments for the inter-
band transitions are calculated as

Ui = HeyOLh, LeOmh, me /Rh(")Re(’)"2 dr @

where u,, is the bulk transition dipole moment between the
conduction and valence bands, R,(r) and R.(r) are the radial
wave functions of the hole and electron for the ith transi-
tion (with the hole and electron orbital momenta and their
projections Lh, Le, mh, and me, respectively) calculated using
eq 1. Kronecker delta-symbol J,1, ¢ in eq 2 encodes the orbital
momentum conservation associated with the interband transi-
tion. In a realistic situation, this selection rule becomes less strict
due to the nonspherical shape of QDs and the presence of
band mixing. The former factor is especially important since
once the spherical symmetry of the QD is broken, the parity
and orbital momentum of the envelope function are thus
not “good” quantum numbers resulting in a nonvanishing
mixing between, for example, 1Se and 1Pe. We empirically
found that the substitution of ., with the “softer” function
1/|Lh — Le]! (exclamation mark stands for the factorial) produces
a reasonable agreement between experimental and theoretical
(effective mass) results for the 1PA spectrum. This softened
selection rule without any further modifications was also used
to simulate the 2PA spectrum.

For the intraband transitions, the z-projections of the transi-
tion dipole moments are calculated as

W = (zLi+n(sz+n<g ! g)( . Li)/Ri(r)Rf(r)Pdr

-ms 0 my

3)

where R;(r) and R¢(r) are the radial wave functions of the initial
and final state (for the electron or hole intraband transition), L;,
and L¢ are the orbital momenta of initial and final states, m;, and
m¢ are the projections of orbital momentum of initial and final

states, and ( L L #’3 are the Wigner 3j symbols. The
3

my my
same approach is used to calculate other projections.

Itis well-known that the transition energies calculated using
the effective-mass approach deviate from experimental ob-
servations.®? To correct for this discrepancy, we phenomen-
ologcally recalculate the transition frequencies as 7 & a1 —
0.06(1 — R/Ry)), where 7 are the transition frequencies used to
calculate spectra, 7, are the transition frequencies calculated
from the effective-mass model, R is the radius of the QD, and
Ro = 2.50 nm. This also introduces corrections to the calculated
dipole moments.

The calculated interband and intraband dipole moments
can typically be directly compared to the experimental 1PA and
TA molar absorptivity*' as

_ 3-10% In10hce(V)n
[ Pgw) = =—— —5 ——==2
(2.7'[) NAV,'f
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where N, is Avogadro's number, h is the Planck constant, c is the
speed of light, ng is the solvent refractive index, 7; is the ith
transition frequency (in wavenumbers), g;(¥) is the normalized
line shape of the ith transition (defined by natural line width and
size distribution of the QDs, [g(»)dv = 1), f is the local field
factor, and (7)) stands for the corresponding band of 1PA molar
absorptivity (for the interband transition) or TA molar absorp-
tivity (for the intraband transition) spectra. Unfortunately, be-
cause of the large density of states for QDs, such a direct
comparison is somewhat complicated, and it is more sensible
to calculate the entire spectrum and then compare it to the
experimental data (see Sl for details). It is important to note that
while Lorentz and Onsager field factors are typically used for
organic molecules,?’ significant dielectric screening in QDs
requires use of the Maxwell-Garnet local field factor.*

To obtain absorption spectra we use a sum-over-states
expression:?'

272 _
Shone L7490 @

o) =

where 7 is the frequency, y; is the interband transition dipole
moment, and the summation is done over all the interband
transitions involved.

Similarly, the two-photon absorption (2PA) spectrum can be
calculated as*?'63

4.2
Ly ]

(i Vi g€
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T m -

> gi2v) (5)
Q

where ii;,, and /i ,; are the intraband and intraband transition
dipole moment, € is the unit vector parallel to the optical
electric field (E = €E), the summation is performed over all the
interband and intraband transitions involved labeled m, and ()&
represents isotropic averaging over all possible orientations of
the molecules relative to the excitation optical electric field.

Given that the QDs have intrinsic size dispersion (see
Figure 6), to model the actual spectral shapes we calculate
1PA and 2PA spectra not for any specific size, but as a convolu-
tion of the egs 4 and 5 with the QD size distribution. Careful
examination of the eq 5 shows that when summation is done
over several transitions with relatively equal strengths, quan-
tum interference between these transitions is possible. While
such interference can be easily accounted for by quantum-
chemical calculations, our effective-mass model does not pro-
vide any information on the nature (constructive/destructive) of
the interference. Here we assume constructive interference for
our 2PA calculations. While it seems to work well for the 2PA
wavelengths longer than 800 nm, our model does not describe
experimental data well at shorter wavelengths. This might be
because destructive interference between transitions (or no
interference) starts playing a role at shorter wavelengths.

In our discussion we refer to 2PA transitions in QDs by
indicating the states involved and leading dipole moments
determining the transition strength. Thus, for example, a 2PA
transition between the 1S-electron and 1S-hole states with a 1P-
hole intermediate state proceeding according to a 1S-electron
to 1P-hole virtual transition plus a 1P-hole to 1S-hole virtual
transition is denoted as 1Sy, — 1Se = 1P;, — 1S¢ + 1P, — 15;..

Quantum-Chemical Calculation Techniques. The absorption spec-
tra of the small Cd35Ses3 nanoclusters have been also calculated
using a quantum-chemical approach based on adiabatic time-
dependent DFT (TD-DFT)"” in the Kohn—Sham (KS) form, which
is currently the method of choice for calculating the excited-
state structure of large molecular systems. TD-DFT extensions
for the calculations of molecular nonlinear optical properties
have been suggested based on the quasi-particle formalism
of the TD-KS equations for arbitrary frequency-dependent
nonlinear optical polarizabilities.>>®* Briefly, this approach
calculates the first- and third-order frequency-dependent po-
larizability tensors using SOS expressions similar to those dis-
cussed in the previous section. The inputs are excitation
energies, the respective permanent/transition dipole moments,
as well as other quantities obtained from TD-DFT simulations.
Notably, interpretation of the NLO response computed using
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the TD-DFT approach via global many-body states (Scheme 1b)
is intuitively straightforward.>>®®> A detailed description of the
method has been reported elsewhere.>>®* This approach was
successfully applied to calculate the TPA and 2PA properties of
several families of donor/acceptor substituted conjugated or-
ganic dyes and branched structures.2¢6*67 Excellent quanti-
tative performance of TD-DFT based on hybrid functionals has
been shown for both 1PA and 2PA responses.

Other sophisticated models have also been used in litera-
ture to calculate optical properties of the QDs by separately
modeling atoms in the bulk of the QDs via semiempirical tight-
binding®®%® and pseudopotential*®**7%”! approaches, while
modeling the surface passivating molecules through either
single oxygen atoms®® or simplified model potentials.”? Any
realistic model, however, has to explicitly describe bonding
between the QD and the ligands, which is lacking or incomplete
in the semiempirical pseudopotential-based approaches. Sev-
eral attempts have been made to model ligated CdSe QDs using
force field,”>”* Monte Carlo,”® and coarse grained76 methods.
These methods, however, are based on a model description of
the molecular framework and interactions. Such parameters are
unavailable from measurements, making the justification of
these approaches questionable. To overcome this problem,
the model parameters are typically derived from first-principle
calculations of small clusters of a few atoms in size.

Computational modeling based on TD-DFT has already
been shown as a reliable tool in studies of optical properties
of small size (<2 nm) QDs with the main focus on the effect of
various passivating ligands”’ % on radiative’>'® and non-
radiative'*>'* photoexcited processes in CdSe QDs. More accu-
rate many-body methods have also been used in studies of
optical properties of various small QDs, including coupled
cluster,®' configuration interaction,®? and multiconfigurational
self-consistent field®® methods. Being reasonably accurate in
inclusion of electron—electron and electron—hole correlations,
these methods, unfortunately, are computationally demanding
and cannot be yet applied to the QD systems containing more
than 50 atoms, especially when most of these atoms are
transition metals and heavy elements such as Cd. Therefore,
TD-DFT remains one of the most common approaches that
provide reasonably accurate descriptions of optical properties
of 1-1.5 nm QDs, while using moderate computational re-
sources.*#>

In this study, we apply TD-DFT methodology to model
1PA and 2PA spectra of CdssSess clusters with and without
ligands. The initial quantum dot geometry is generated through
a quasi-spherical cut from a wurtzite-type lattice of bulk CdSe,
yielding a CdssSess nanocrystal of ~1.3—1.5 nm diameter
(Scheme 1d). During geometry optimization, the surface recon-
struction is significant, which is typical for such small semicon-
ductor nanostructures.®® Finally, both ligated and unligated
clusters adopt a characteristic cage—core shape.''>%¢ Such
optimized structures have been extensively used in our pre-
vious work'>'® and have been reported in a recent detailed
DFT study.®¢

In addition to the unpassivated dot, two different capping
ligands were chosen to simulate saturation of surface dangling
bonds: methylamine (NH,Me), and trimethyl phosphine oxide
(OPMes). These are chemically reduced models approximating
common surface-agents for CdSe QDs. ' Following our previous
studies,'>*® partial (9OPMe; and 9NH,Me) and full (21NH,Me)
surface passivations were explored. The initial geometries (one
unpassivated and three ligated clusters) have been optimized
using the Gaussian 03 package,® utilizing the hybrid DFT
functional B3LYP with a LANL2dz (Cd, Se atoms)/6-31G* (C, H,
N, O, P atoms) basis set partitioning. The obtained optimized
geometries are further used for calculations of 1PA spectra by
linear-response formalism within the TD-DFT framework. For all
studied systems, the first 150 excited states have been calcu-
lated. These simulations have been followed by calculations of
2PA spectra as detailed in refs 25, 26, and 64. An empirical line-
broadening of 0.1 eV is used for simulations of both 1PA and
2PA. This parameter value has been extensively used for
simulating molecular NLO responses and providing compari-
sons with experimental spectra.?® Solvent effects are included
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via the polarizable continuum model (PCM) of solvation as
implemented in Gaussian code.®” Acetonitrile (MeCN, ¢ =
35.688) is used as a solvent to highlight changes for TPA and
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Domain ab Initio Modeling of Excitation Dynamics in
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