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ABSTRACT The influence of quantum confinement on the one- and two-photon absorption spectra (1PA and 2PA) of PbS and PbSe
semiconductor quantum dots (ODs) is investigated. The results show 2PA peaks at energies where only 1PA transitions are predicted
and 1PA peaks where only 2PA transitions are predicted by the often used isotropic k - p four-band envelope function formalism. The
first experimentally identified two-photon absorption peak coincides with the energy of the first one photon allowed transition. This
first two-photon peak cannot be explained by band anisotropy, verifying that the inversion symmetry of the wave functions is broken
and relaxation of the parity selection rules has to be taken into account to explain optical transitions in lead-salt ODs. Thus, while the
band anisotropy of the bulk semiconductor plays a role in the absorption spectra, especially for the more anisotropic PbSe ODs, a
complete model of the absorption spectra, for both 1PA and 2PA, must also include symmetry breaking of the quantum confined
wave functions. These studies clarify the controversy of the origin of spectral features in lead-salt ODs.
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emiconductor quantum dots (QDs) have been inten-

sively investigated because they are promising can-

didates for novel devices and allow the study of
quantum effects in a relatively simple system. The lead-salt
bulk semiconductors, PbS and PbSe, possess unique elec-
tronic structure of a narrow band gap together with small
and nearly equal effective masses of the carriers in the
conduction and valence bands. In ODs, this leads to strong
quantum confinement for both carriers, and large tunability
of the one-photon absorption (1PA) and two-photon absorp-
tion (2PA) spectra with QD size. The quantum confined
energy levels in this system can be calculated from a simple
isotropic k - p four-band envelope function formalism.' In this
model, the ODs are treated as ideal spheres in which the
constituent atoms are symmetrically distributed around the
center of the sphere. Hence the electronic wave functions
possess well-defined symmetry and the possible 1PA and
2PA transitions must obey strict but opposite parity selection
rules. However, due to the observation of 1PA peaks in the
linear absorption spectra at energies where the parity selec-
tion rules only allow 2PA transitions, thatis, 1S, — 1P. and
1P, — 1S, transitions, the robustness of the parity selection
rules, and the validity of the isotropic model in its entirety
are currently under intense and controversial discussion.*”"?
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Some authors address the nature of the second observed
1PA peak by considering the band anisotropy of the bulk
either in the k-p four-band envelope, formalism®? or in
atomistic pseudopotential calculations.*® Because of the
band anisotropy, the 1Py, levels are spread in energy,
leading to 1PA transitions (1P, — 1P.) that energetically
coincide with the 2PA allowed 1S, — 1P, and 1P, — 1S,
transitions for PbSe QDs, potentially explaining the extra
one-photon transitions not predicted by the isotropic k- p
model. However, band anisotropy still fails to predict the
second peak in PbS QDs which are more isotropic,”> and
moreover does not predict 2PA transitions at the 1S, — 1S,
energy for both PbS and PbSe. Other approaches predict that
the inversion symmetry of the wave functions is broken in
lead-salt QDs allowing optical transitions which are parity
forbidden according to the simple k-p four-band envelop
function formalism.®” However, to date, there is no con-
sensus in the literature for the physical origin of such
symmetry breaking and the resulting transition strength.

Figure 1 shows a schematic of the possible 1PA and 2PA
transitions according to the different models. Figure la
shows the allowed transitions of the isotropic k - p model with
strict parity selection rules,' Figure 1b shows only parity
allowed transitions but takes into account the splitting of the
electronic states due to anisotropy, and Figure 1c includes
the formally parity forbidden transitions of the isotropic
bands that become allowed by breaking the parity selection
rules.® Note from Figure 1c that only the model considering
symmetry breaking predicts two-photon transitions at the
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FIGURE 1. Schematic diagram of three different theoretical approaches for the one- and two-photon transitions in lead salt QDs. One-photon
transitions are indicated by green/solid lines, two-photon transitions are indicated by red/dashed lines. (a) Parity-allowed transitions according
to the isotropic k-p four-band envelope function formulism. (b) Parity-allowed transitions considering the anisotropy of the PbSe bulk
semiconductor. (c) Possible one-and two-photon transitions if the principal parity forbidden transitions are allowed.

same energy as the one-photon allowed 1S, — 1S transition.
A possible mechanism leading to the breaking of the selec-
tion rules will be discussed later in this paper.

Despite the fact that most studies on this topic have been
performed on PbSe QDs,*~'!" we find that PbS QDs are
better suited to study the origin of the second peak in the
linear absorption spectra. This is because of the more
isotropic bands and the nearly identical effective masses of
holes and electrons in PbS that lead to an even spacing of
the quantum confined levels in the respective bands. So, in
this work we perform a comparative study of the 1PA and
2PA spectra of both PbS and PbSe QDs of different sizes.
We observe 2PA peaks at the energy of the first 1PA allowed
transition (1S, — 1S,) for PbS and PbSe QDs, which cannot
be explained by any model that considers only anisotropy,”*
verifying that the breaking of the inversion symmetry in
lead-salt QDs has to be considered when studying optical
transitions. Furthermore, we show experimentally that the
breaking of the parity selection rules depends on the QD size
and becomes stronger with decreasing radius.

The samples investigated in this work are oleic acid-
capped colloidal PbS and PbSe QDs suspended in toluene.
The PbS quantum dots were synthesized using an organo-
metallic route previously described in ref 13. Greater detail
on the sample synthesis and preparation can be found in
the Supporting Information.To calculate the energies and
oscillator strengths of the two-photon transitions we use the
electronic structure for lead-salt ODs as calculated by the
isotropic k- p four-band envelope function formalism devel-
oped by Kang and Wise.' The wave functions are given in
terms of the total angular momentum, j, the z-projection of
the angular momentum, m, the total number of zeros of the
radial function within the boundaries of the QD, n, and the
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parity, ;. The spherical symmetry of the model predicts
states which are energy degenerate in m, and here we only
consider transitions involving n = 1 since the energies of
transitions between initial and final states with n > 1 are
higher than the transition energies studied by 2PA spectros-
copy. Therefore, the individual transitions can be labeled
only by j and & according to the initial state in the valence
band |j,.7r,) and the final state in the conduction band |jc, 7).
This model results in states with well-defined parity (x = +
for even parity and r = — for odd), leading to strict selection
rules for 1PA and 2PA transitions. For simplicity, we adopt
the more commonly used nomenclature for the quantum
confined state (1She, 1Phe, 1Dpe, €tc), where S, P, D cor-
respond to [ = 0, 1, 2, respectively (l is the orbital angular
momentum of the dominant term in the mixed wave
functions of the quantum confined state).* For example,
[1/2,4) =112, =) is 1S, — 1S, |1/2, +) = |3/2, +) is 1S,
— 1P, |3/2, =Y —|1/2, =) is 1P, — 1S, and so on.

In general, the matrix element for a degenerate two-
photon transition from a valence band to a conduction band
state, M, . can be calculated as'*~'°

>
1

(Wle p|WXWep|W,)
E, — E, — hw

(1)

The sum is over all intermediate states, W;, which are the
one-photon accessible states in the valence or conduction
band. Thus a two-photon transition is composed of an
intraband and an interband transition and obeys parity
selection rules opposite from the 1PA transitions, that is, 77,7z
—1 for 1PA (for example, 1S, — 1S.) and @yt = +1 for
2PA (for example, 1S, — 1Pe).
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FIGURE 2. Linear absorption spectrum of PbS QDs (solid green lines)
and inverted second derivative (dashed black line) indicating iden-
tifiable transitions. Calculated one and two photon transitions are
shown as vertical lines (green/solid are one photon transitions, red/
dashed lines are two photon transitions). Transition 1 (SS) and 3 (PP)
occur at energies where one photon transitions are theoretically
predicted, but transitions 2 (SP) and 4 (PD) are at energies where
the theory only predicts two-photon allowed transitions.

The two-photon transition rate is than calculated from

W= %” Y M, |*0(E, — E, — 2ho) @)

In Figure 2 we compare the 1PA and 2PA transitions
predicted by the four-band envelope function model with the
linear absorption of two PbS QDs with the 1S, — 1S, peak
at 0.97 and 1.09 eV (at room temperature). Because of the
nearly equal effective masses of the carriers in the valence
and conduction bands," the allowed 1PA and 2PA transitions
are grouped together in narrow energy ranges. As previously
observed by several authors in PbSe QDs,*? our measure-
ments in PbS QDs, show that the second peak in the linear
absorption spectrum occurs at the same energy of the first
group of theoretically predicted 2PA transitions (1Sh — 1Pe
and 1Ph— 1Se), which are 1PA parity forbidden transitions
(see Figures 2 and 3). Because of this good agreement it has
been suggested that the second peak in the linear absorption
spectrum should be attributed to these parity forbidden
transitions that become allowed due to the breaking of the
inversion symmetry of the wave functions®? (It should be
noted that the two-photon transitions in Figure 2 only
indicate the energies at which the theoretically forbidden
one-photon transitions occur, but do not reflect their mag-
nitudes). Subsequent experimental observation'® of a strong
2PA peak with the energy of the nearly degenerate 1S, —
1P. and 1P, — 1S, transitions confirmed the existence of
two-photon allowed transitions at these energies in agree-
ment with the predictions by the k-p model. In Figure 2 we
show that the fourth identifiable peak in the 1PA spectrum
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agrees with the second group of 2PA allowed transitions (1 Py
— 1D, and 1D — 1P¢) at energies where one-photon
transitions are not expected (see Figure 2, feature 4).
Therefore, in analogy to the second peak in the linear
absorption spectra, this fourth feature may also be explained
by the breaking of the inversion symmetry.

Comparing the magnitude of the second linear absorption
peak in PbS ODs from Figure 2 to the magnitude of the
second peak in PbSe QDs from the literature,' "' it appears
that the peak is less pronounced in PbS. This could be an
indication that while the second peak in PbSe QDs is due to
contributions from anisotropy and symmetry breaking, the
weaker second peak in PbS has its origin in symmetry
breaking alone.

With the assumption, justified by the extra peaks in the
1 PA spectra, that the parity selection rules are weakened in
these QDs, one would expect to observe 2PA at energies
corresponding not only to the parity allowed two-photon
transitions (1S, —1P, and 1P, — 1S,) but also to the two-
photon forbidden ones (1S, — 1S, and 1Py — 1P).

To verify this expectation of having 2PA peaks at energies
of the 1PA peaks, we have performed 2PA spectroscopy in
a series of PbS and PbSe QDs.

The 2PA spectroscopy is performed using an optical
parametric generator/amplifier, tunable from 300 nm to 11
um (TOPAS-800) pumped by 780 nm, 140 fs, 1.2 m] pulses
from a Ti:Sapphire regenerative amplifier (Clark-MXR, model
2010) operating at 1 kHz repetition rate. The samples are
investigated at room temperature by either open-aperture
Z-scan“® or two-photon excited fluorescence (2PF).?' Both
techniques measure the 2PA of the QDs. While 2PF is a more
rapid technique, it is a relative measurement and needs to
be calibrated against a known reference. Furthermore,
because of our 2PF detection system we are limited to
samples that fluoresce at wavelengths shorter than 800 nm.
The Z-scan technique, on the other hand, allows us to obtain
a direct absolutely calibrated measurement of the 2PA
spectrum. For the Z-scan experiments we use large area Si
and Ge photodiodes for wavelengths up to 1.7 um and
Thorlabs PDA30G PbS detectors for longer-wavelength mea-
surements. Further details on the experimental methods and
techniques are provided in the Supporting Information.

Figure 3 shows the measured 2PA spectra for different
sizes of PbS and PbSe QDs together with their linear absorp-
tion and the predicted one- and two-photon transitions. The
one- and two-photon transitions energy are calculated rela-
tively to the 1S, — 1S, energy position, that is, for a quantum
dot size adjusted to match the energy of the first one-photon
transition. Then, the four-band envelope function model
works well to provide the relative position of the first allowed
1 PA transition and the first 2PA allowed transitions for larger
PbS and PbSe. For smaller QDs, due to the overestimated
confinement energies, the theory predicts a larger spread
between these transitions than experimentally observed.'
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FIGURE 3. One- and two-photon absorption spectra for PbS and PbSe QDs of different sizes together with the theoretically predicted one- and
two-photon transitions. The 1PA spectrum is drawn as solid green lines and the 2PA spectra as red lines plus symbols. Theoretical one- and
two-photon transitions at their respective energies are vertical lines with their height indicating the oscillator strength (one-photon transitions

are green/solid lines, two-photon transitions are red/dashed lines).

For the PbS QDs studied we are able to identify three
peaks in the 2PA spectrum. For example, for PbS QDs in
Figure 3a the peaks are identified at ~1.10, ~1.35, and
~1.60 eV. For the second PbS QDs in Figure 3 (panel b), the
peaks are located at ~1.70, ~2.03, and ~2.44 eV. For the
small ODs in Figure 3b,d, the k-p model is known to
overestimate the quantum confinement energies.' The first
predicted 2PA transition is blue shifted by about 0.20 eV
from the experimentally observed peak in Figure 3b and
about 0.3 eV for the PbSe QD in Figure 3d. These features
are observed for a third sample with nearly identical energies
as those in Figure 3a (first peak at 1.13 eV, not shown).
However, for all samples shown in Figure 3 only the second
observed 2PA transition is parity allowed according to the
model. The first, and in the case of the PbS samples the third
2PA feature, occur at energies for which the model predicts
the first and the second 1PA-allowed transitions (1S, — 1S,
and 1P, — 1P, respectively), as shown by the green lines
in Figure 3 (note that, in Figure 3b, as for the second 2PA
peak, the third 2PA peak is red shifted compared to the
predicted 1P, — 1P, transitions). The third two-photon
transition cannot be measured for all samples, since the
transitions are close to the 1PA edge, and the size inhomo-
geneity prevents us from investigating the 2PA spectrum for
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photon energies larger than ~0.85 x Ey However, for all
samples we observe a strong increase of 2PA at energies
higher than the first two-photon allowed peak, suggesting
the presence of a close third 2PA peak possibly correspond-
ing to the 1P, — 1P, transitions. For the PbSe QDs, the
second group of allowed 2PA transitions is predicted to be
at least 1 eV higher in energy than the features measured
here. The presence of 2PA peaks at energies corresponding
to the 1S, — 1S, and 1P, — 1P, transitions confirms that
the inversion symmetry of the wave functions are broken
and need to be considered in the analysis of optical transi-
tions and electronic structures of lead-salt quantum dots.
As can be seen in Figure 3, the magnitude of the 2PA at
the 1S, — 1S transition increases with decreasing QD radius
for PbS and PbSe. This is evident by comparing the ratio of
the magnitude of the 2PA at the energy of the first one-
photon allowed transition (1S, — 1S, transition) and the
magnitude of the 2PA at the energy of the allowed 1P, —
1Sc and 1S, — 1P, transitions as shown in Figure 4. A similar
trend is observed if one compares the ratio between the third
and second 2PA peaks measured in PbS QDs (Figure 3). The
relative strengthening of the formally parity forbidden 2PA
(at 1Sp— 1Se and 1P, — 1P.) compared to the magnitude of
the allowed (1P, — 1S, and 1S, — 1P.) 2PA peaks with

DOI: 10.1021/n11018673 | Nano Lett. 2010, 10, 3577--3582



A& PbS

E 044 0 Prse i
AN
°© . .
O 0.3 Decreasing QDs radius ]
3 : —
2 |
©
~ 0.2- +
c
w <
S %
o 0.1 § i
e ] é‘} 8 ]
2 00l— : : . ;

1.2 1.4 1.6 1.8 2.0

QD Band Gap (eV)
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photon allowed transition divided by the 2PA cross section at the
energy of the first group of two-photon allowed transitions plotted
versus the band gap of the QDs.

decreasing QD radii indicates that the mechanism respon-
sible for the breaking of the parity selection rules originates
from the quantum confinement. As suggested in ref 6, this
may be due to the shift of the crystal lattice away from the
QD spherical center thereby spoiling the perfect inversion
symmetry of the wave functions so that forbidden transi-
tions become allowed. A shift of the center atom away from
the center of the QD will have a more pronounced effect for
the smallest QDs in this study which, from the estimated
sizes, have only ~7 atoms across the diameter, as compared
to ~13 atoms across for the largest dots. Furthermore, Bao
et al.” have theoretically shown that, due to the asymmetric
distribution of Pb and Se(S) in the QDs, the wave functions
lack inversion symmetry, resulting in strong contribution of
the 1P, — 1S, and 1Sy — 1P, transitions on the one-photon
absorption spectrum, which is amplified in smaller QDs. This
is in agreement with our results and is a further indication
that the inversion symmetry, which is assumed in the simple
k-p approach,' is weakened especially for small lead-salt
QDs.

The experimental observation of 2PA at the 1S, — 1S,
energy for PbSe QDs is in contrast to the results of ref 15
where 2PA at the position of the first 1PA allowed transition
was not found. This is despite their observation of relatively
strong 1PA at the energy of the first allowed two-photon
transition (1P, — 1S, and 1S, — 1P.) in PbSe QDs. Our
results show that the 2PA at the 1S, —1S, energy is ap-
preciable only for small PbSe ODs with a band gap larger
than ~1.55 eV, and the samples studied in ref 15 were
notably larger than the ones investigated here (the smallest
dot studied in ref 15 has a band gap of ~1.05 eV).

While the results from Figures 2, 3, and 5 show that the
parity selection rules are broken in both PbS and PbSe QDs,
from Figure 4 it is evident that the effect is stronger in PbS
ODs. The reason for the smaller parity-forbidden 2PA peak
in PbSe QDs is still not completely understood. One possible
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explanation could be the difference in energy separation of
the valence quantum confined energy levels in PbSe and PbS
ODs,' which would result in smaller intermediate state
resonance enhancement for PbSe (denominator in eq 1).
However, for the QD sizes investigated here, the intermedi-
ate state resonances are very similar for PbS and PbSe QDs
and do not account for the difference in the magnitude of
the 2PA at the 1S5, — 1S, transition energy.

It is important to point out the difference between the
relative magnitudes of the parity forbidden transitions in
1PA and 2PA for PbS and PbSe QDs. As mentioned before,
comparing the linear absorption spectra of PbS and PbSe
QODs (see for example Figure 2 and ref 17 and Figure 1 in
refs 18 and 19), it is evident that the second 1PA peak in
PbSe QDs is at least comparable, but usually more pro-
nounced, than the one in PbS QDs. However, comparing the
2PA spectrum, one sees that the ratios between the magni-
tude of the formally parity forbidden and parity allowed 2PA
in PbSe is lower than in PbS (Figure 4), indicating a stronger
breaking of the inversion symmetry in PbS than in PbSe. So,
while the measured 2PA peak at the 1S, — 1S, transition
shows that symmetry breaking needs to be considered to
fully describe optical transitions in lead-salt QDs, the rela-
tively stronger second peak in the 1PA spectra of PbSe
versus PbS suggests that this second peak in PbSe is actually
a combination of transitions due to band anisotropy and
breaking of the inversion symmetry, with the latter being
stronger for smaller QDs and probably negligible for PbSe
QODs with band gaps lower than ~1.2 eV. This interpretation
is consistent with recent experiments'®'! that show that for
PbSe ODs with band gap from 0.6 — 1.0 eV the second 1PA
peak does not include S levels but are mainly contributions
of the symmetry allowed P, — P, transition due to the band
anisotropy.
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Figure 5 summarizes the identifiable features in the one-
and two-photon spectra of PbS QDs and shows good agree-
ment with the isotropic k-p four-band envelope function
formalism' up to the fifth transition and over a wide range
of OD sizes. This illustrates that, for the more isotropic PbS
ODs, all measurable features are predicted by the model if
formally parity forbidden transitions are included.

In conclusion, we have performed a comparative study
of the 2PA spectra of PbS and PbSe QDs using a simple k-p
four-band envelope model to gain a qualitative understand-
ing of the observed physical properties. We show that, as is
the case for the one-photon transitions where features are
observed at energies for which only two-photon transitions
are predicted (1P, — 1S, and 1S, — 1P,), 2PA peaks are
observed at energies where only one-photon transitions are
expected (1S, — 1Se and 1P, — 1P¢). Models considering
only the anisotropy of the bulk semiconductor do not predict
the observed 2PA peak at the 1S, — 1S, transition. So, while
we cannot discard the possibility of additional transitions
due to band anisotropy to contribute to the 1PA and 2PA
spectra, especially for PbSe QDs, the presence of a 2PA peak
at the energy of the 1PA, 1S, — 1S, transition proves that
breaking of the inversion-symmetry of the wave functions
has to be included to fully explain the one- and two-photon
spectra of these materials. In addition, the size dependence
of the magnitude of the parity forbidden 2PA transitions
indicates that the breaking of the inversion symmetry is
stronger for smaller QDs, that is, it is due to quantum
confinement.
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