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Optical Investigation of Quantum Confinement in PbSe
Nanocrystals at Different Points in the Brillouin Zone
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We present detailed investigations on the optical properties of PbSe
nanocrystals. The absorption spectra of monodisperse, quasispherical
nanocrystals exhibit sharp features as a result of distinct optical transi-
tions. To study the size dependence, absorption spectra of nanocrystals
ranging from 3.4 to 10.9 nm in diameter are analysed and a total of 11
distinct optical transitions are identified. The assignment of the various
optical transitions is discussed and compared to theoretically calculated
transition energies. By plotting all transitions as a function of nanocrystal
size (D) we find that the energy (E) changes with the following relation-
ship E/D�1.5 for the lowest energy transitions. The transition energy ex-
trapolates to approximately 0.3 eV for infinite crystal size, in agreement
with the bandgap of bulk PbSe at the L-point in the Brillouin zone. In
addition, high-energy transitions are observed, which extrapolate to
1.6 eV for infinite crystal size, which is in good agreement with the bulk
bandgap of PbSe at the S-point in the Brillouin zone. Tight-binding cal-
culations confirm that the high-energy transitions originate from the
S-point in the Brillouin zone. The S-character of the high-energy transi-
tions may be of importance to explain the mechanism behind multiple
exciton generation in PbSe nanocrystals.
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1. Introduction

In recent years the interest in lead chalcogenide colloi-
dal nanocrystals (NCs) has grown considerably. The bulk
materials are interesting as they are IV–VI compounds with
a Pb atomic configuration [Xe]4f145d106s26p2. As a conse-
quence of the high atomic number of Pb, and the resulting
high electron velocities, relativistic effects localize the 6s or-
bital, transforming Pb into a 6p2 atom (inert pair effect).[1]

Another consequence of the high atomic number of Pb is
the relatively large ratio of ionic radii (rPb,2+/rSe,2�=0.59).
As a result, the coordination number of PbSe (6) is higher
than for, for example, CdSe (4). The PbSe rock-salt lattice
leads to an electronic band structure that is different from
that of the typical II–VI compounds. An important conse-
quence is that the valence-band maximum (VBM) and con-
duction-band minimum (CBM) are both situated at the L-
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point in the Brillouin zone (see Figure 1), which is fourfold
degenerate (eightfold including spin degeneracy).

As a result of the small effective mass (m) of the charge
carriers at the bottom of the valence band and top of the

conduction band (m*
h �m*

e =0.1, where subscripts h and e
stand for holes and electrons, respectively) and the large
bulk exciton Bohr radius of 46 nm, the effect of quantum
confinement is particularly strong in PbSe.[2,3] Since the
room-temperature bandgap of the bulk material is only
0.278 eV, it is possible to tune the NC bandgap from
0.278 eV (ca. 4400 nm) to over 1.1 eV (ca. 1100 nm) by
changing the size of the nanocrystal. Therefore, lead chalco-
genide quantum dots are promising building blocks for a
wide number of optoelectronic applications in the near in-
frared.[3–6] For example, PbSe QDs hold great promise in the
field of photovoltaics because of the recently observed mul-
tiple exciton generation (MEG) in these nanocrystals.[7–10]

Here we report on de-
tailed investigations of the
optical absorption spectra of
PbSe QDs. First, the assign-
ment of the multiple features
(up to 11) in the absorption
spectrum of highly monodis-
perse PbSe QDs is discussed
and compared to calculated
spectra of PbSe QDs that
were recently published.[1,11]

Next, the size dependence of
the energy of the various
transitions is analyzed for
16 different sizes of PbSe
QDs, ranging from 3.4 to
10.9 nm. It follows that the
higher-energy transitions can
be assigned to optical transi-
tions at a different point in
the Brillouin zone than the
lower-energy transitions. We
first use effective mass
theory to qualitatively ex-
plain the observed differen-
ces in the optical transitions.

Subsequently, we apply tight-binding calculations to quanti-
tatively confirm the assignment of the different transitions
to different points in the Brillouin zone. Finally, it is dis-
cussed how these observations may be relevant for the ex-
planation of MEG, the mechanism of which is still under
debate.

2. Results and Discussion

The absorption (A) spectrum of a dispersion of nano-
crystals with a diameter of 6.8�0.3 nm, determined by
transmission electron microscopy (TEM) measurements, is
shown in Figure 2A and B. The narrow size distribution re-
sults in sharp optical transition features: the full width at
half-maximum of the lowest energy transition in Figure 2 is
only 55 meV and many features can be distinguished in the
spectrum. The second derivative of the absorption allows us
to identify the different optical transitions and the corre-
sponding transition energies.[10] This is shown in Figure 2C
and D. A minimum in the second derivative corresponds to
the maximum of an absorption band (note that the second
derivative is plotted with the minima upwards). Altogether,
11 minima can be distinguished in Figure 2.

One has to be careful in assigning optical transitions
based on the second derivative. Noise in the absorption
spectrum can create peaks in dA2/d2E. Absorption peaks
caused by vibrational overtones of, for example, C�H or
C=O vibrations in capping molecules or reagents can also
interfere. To avoid the influence of noise, we have only in-
cluded features that were present in spectra of several nano-
crystal batches. To avoid optical transitions from organic
material, we have only included features that shift with par-

Figure 1. Band structure of bulk PbSe. The zero of energy is located
at the top of the valence band.[11]

Figure 2. A) Optical absorption spectra of a dispersion of 6.8-nm quasi-spherical PbSe NCs in tetra-
chloroethylene. The open squares represent the experimental spectrum, the solid line is a fit to Gaussian
components and a background that increases with E4 (dotted lines). The low-energy part of the same
spectrum and corresponding fit are shown in (B). The second derivatives of the experimental spectrum
and the fit are shown in (C) and (D) as the open squares and solid lines, respectively.
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ticle size. Finally, one has to be aware that the second deriv-
ative itself can create artefacts. For example, the second de-
rivative of two well-separated Gaussians has an additional
minimum in between the two peaks. To analyze if the
minima in the second derivative correspond to actual optical
transitions, we have fitted the absorption spectrum in Fig-
ure 2A to multiple Gaussian functions. A background func-
tion that increases with A/E4 was also included in the fit,
corresponding to weak Rayleigh scattering of the nanocrys-
tals. The multi-Gaussian fits of the absorption spectrum is
plotted as a solid line in Figure 2A and B, and the 11 associ-
ated Gaussian functions and background function are shown
as dotted lines. As can be seen in Figure 2A and B, there is
excellent agreement between the multi-Gaussian fit and the
absorption spectrum. The second derivative of the multi-
Gaussian fit is shown as a solid line in Figure 2C and D and
is in good agreement with the second derivative of the ab-
sorption spectrum. Importantly, we found that it is necessary
to include all 11 Gaussians shown in Figure 2A to obtain all
the features in the second derivative. We conclude that they
all correspond to optical transitions.

The optical transitions are labelled with Greek letters.
Transitions that, to our knowledge, have not previously
been reported are labelled with asterisks. The assignment of
the optical transitions is subject to considerable debate in
the literature.[1,10–13] This debate largely focuses on the as-
signment of the “second” peak in the absorption spectrum,
labelled b here. Based on theoretical calculations of the
energy levels and experimental work, this feature has previ-
ously been assigned to the 1Sh–1Pe (or 1Ph–1Se) transi-
tion.[11,14] However, these transitions are optically forbidden
and are expected to be very weak. Liljeroth et al. were able
to measure the density of states of single PbSe nanocrystals
directly using scanning tunnelling spectroscopy and suggest-
ed that transition b corresponds to the 1Ph–1Pe transition.[13]

Below we will compare the experimental absorption spectra
and their features with an absorption spectrum that we ob-
tained by tight-binding calculations, as well as an absorption
spectrum that was recently calculated by An et al.[1] As will
become clear, there are still important discrepancies be-
tween the experimental data and both theoretical calcula-
tions. The purpose of this comparison is to give an overview
of the current understanding of the absorption spectrum of
PbSe QDs, not to give a final answer on the correct assign-
ment of the different transitions.

Using tight-binding calculations as reported earlier, the
absorption spectrum of a PbSe QD of 6.1 nm in diameter
was calculated.[11] The calculated spectrum is plotted togeth-
er with the experimental spectrum of PbSe QDs with a di-
ameter of 6.8 nm (see Figure 3). In energy, this is the best
matching experimental spectrum that we have measured
compared to the calculated spectrum. The second derivative
of the experimental spectrum is shown as well to identify
the position of the different transitions more precisely. The
first transition (a) of the calculated spectrum (a 1Sh–1Se

transition) is slightly blue-shifted with respect to the experi-
mental spectrum, which is consistent with the smaller nano-
crystal size. Transition b is not reproduced by the calcula-
tions because the 1Sh–1Pe (or 1Ph–1Se) transition that is cal-

culated for this energy has no oscillator strength. Neverthe-
less, transitions g and d are reproduced and have a 1Ph–1Pe

character, according to the tight-binding calculations. Also
transition e is calculated, and transitions z and ** show up
in the theoretical spectrum as well (although slightly shift-
ed). In addition, the relative oscillator strengths calculated
for all these transitions are in good agreement with experi-
ment. The tight-binding calculations also reproduce transi-
tion h at approximately 1.85 eV with large oscillator
strength. In summary, the tight-binding calculations repro-
duce the measured absorption spectrum of a nanocrystal
with similar size, except for transition b, which, according to
these calculations, is the forbidden 1Sh–1Pe (or 1Ph–1Se )
transition.

A different approach for the assignment of the different
transitions was recently reported by An et al.[1] Using
pseudo-potential calculations, it was calculated that a PbSe
nanocrystal with a 1Sh–1Se transition (a) at 0.89 eV has a
1Ph–1Pe transition (b) that is 0.24 eV higher in energy, at
1.13 eV. We have measured and analyzed the absorption
spectrum of PbSe QDs that have a first transition (a) at
0.87 eV (see Supporting Information, Figure S1), allowing
for a good comparison with the calculated spectrum by An
et al. We find that PbSe QDs with transition a at 0.87 eV
display a second transition (b) at 1.12 eV, which coincides
nicely with the values calculated by An et al.[1] This suggests
that the second peak in the absorption spectra of PbSe QDs
is the 1Ph–1Pe transition, in line with the assignment by Lil-
jeroth et al. ,[13] but in contrast with the tight-binding calcula-
tions discussed above. Interestingly, An et al. calculate two
additional transitions as a result of heavily mixed P- and
D-like states, located at 1.38 eV and approximately 1.48 eV,
respectively. The energies corresponding to transitions g and

Figure 3. Experimental absorption spectrum of PbSe QDs with diame-
ter 6.8�0.3 nm (solid black line). For clarity, the second derivative
of the experimental spectrum is plotted on a different scale
(right y-axis). The absorption spectrum obtained by tight-binding cal-
culations of a PbSe QD with a diameter of 6.1 nm is shown in gray,
scaled to an appropriate value for comparison with the experimental
spectrum. The heavy-gray dashed vertical lines indicate the energy
range that was used in the tight-binding calculations to determine
from which points in the Brillouin zone these transitions originate.
The decrease of the theoretical spectrum to zero above 2 eV is due
to the limited number of eigenstates that we can calculate (here
1100 states).
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d in the measured absorption spectrum are 1.39 and 1.46 eV,
respectively (see Supporting Information, Figure S1), in
good agreement with the calculated values of An et al. Fur-
thermore, An et al. calculated a transition in between transi-
tions b and g, originating from anisotropically asymmetric
transitions with small oscillator strengths. We were not able
to resolve this weak transition from the measured absorp-
tion spectra of PbSe QDs of various sizes. It is important to
note that the calculated spectrum of An et al. is based on a
nanocrystal with a diameter of 6.1 nm, whereas the corre-
sponding absorption spectrum was measured for PbSe QDs
with a diameter of 4.7�0.4 nm, based on the analysis of
TEM images. In other words, there is a striking difference
of 220 meV between the calculated energy of the first tran-
sition (a) of a PbSe QD of 6.1 nm using tight-binding calcu-
lations (0.67 eV) or pseudo-potential calculations (0.89 eV).
As can be derived from Figure 4 (discussed below), we find
an experimental value of 0.70 eV for the first transition of a
PbSe QD of 6.1 nm.

Feature * in Figure 2 is not clearly observed in the ab-
sorption spectra. However, it does show up in the second-
derivative spectra we have studied (e.g., Figure 2D), and is
situated in between transitions a and b. Several spectra
from the literature also suggest an additional feature as a
shoulder on the low-energy side of peak b. See, for instance,
Figure 1 in the supporting information of ref. [15] or
Figure 4 in ref. [5]. This feature may be the 1Sh–1Pe (or 1Ph–
1Se) transition, implying that transition b is the 1Ph–1Pe tran-
sition. More definitive proof of the existence of feature * as
a real optical transition will require measurement of the ab-
sorption spectrum of a monodisperse sample at low temper-
ature, or the use of excitation spectroscopy.[16]

To investigate the influence of quantum confinement on
the various transitions, we have measured and analyzed the
absorption spectra of quasispherical PbSe nanocrystals with
diameters ranging from 3.4 to 10.9 nm. The different transi-
tions were assigned on the basis of the features in the
second-derivative spectra, in a similar way as discussed for

the spectrum in Figure 2. Ad-
ditional absorption spectra
and corresponding second-de-
rivative spectra of various
nanocrystal sizes can be
found in the Supporting Infor-
mation. Figure 4 shows the
different transition energies
of PbSe QDs as a function of
the nanocrystal size. The x-
axis has the dimension D�1.5

because we found that the
energy of the first transition
in the spectra changes with
the diameter D as E1st�D�1.5.
This is a somewhat stronger
dependence on size than that
reported by Yu et al., who
found an almost linear rela-
tion between diameter and
wavelength of the first exci-
ton, that is, E1st�D�1.0.[17] The
dotted lines in Figure 4 are
linear fits for each transition
(except for those labelled by
asterisks) at varying nanocrys-
tal size and serve as a guide
for the eye.

The trends of the size-de-
pendent energies of the tran-
sitions in Figure 4 are clear.
The energy for the first transi-
tion (a) increases linearly
with D�1.5 and extrapolates to
0.29 eV for D�1.5 =0 (i.e., in-
finite crystal size), in excel-
lent agreement with the
room-temperature bandgap of
bulk PbSe (0.278 eV) at the
L-point of the Brillouin zone

Figure 4. Energies of optical transitions as indicated in Figure 2 for PbSe nanocrystals of different sizes,
ranging from 3.4 to 10.9 nm in diameter. The dotted lines are linear fits assuming a linear dependence
between E and D�1.5, and serve as a guide for the eye. The solid black symbols and interconnecting
solid black lines show the results of the size dependence using tight-binding calculations for transition a
and the first transition at the S-point of the Brillouin zone, transition h.
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(see Figure 1). The higher lying transitions extrapolate to
approximately the same value and show a similar D�1.5 de-
pendence. Furthermore, the slopes of the linear fits (dotted
lines) increase gradually for the higher lying transitions.
These observations can be explained with a simple effective
mass approximation as will be shown below. The above-de-
scribed trend only holds up to transition z. From transition h

and higher, the slopes of the linear fits abruptly change to a
lower value, and the transitions do not extrapolate to
0.28 eV for infinite crystal size. Transition h extrapolates to
a value of 1.57 eV for D�1.5 =0, and the higher lying transi-
tions (q and i) again increase in slope and also extrapolate
to a value relatively close to 1.6 eV. We propose that transi-
tions h, q, and i in Figure 4 correspond to optical transitions
at another point in the Brillouin zone of PbSe than the L-
point. In the band structure of bulk PbSe, there is a second
bandgap at the S-point in the Brillouin zone with an energy
of 1.60 eV, in excellent agreement with our experimental
value of 1.57 eV for the extrapolation of transition h.[11,18]

We assign h to a direct transition between a hole at the S-
point and an electron at the S-point, probably having S-sym-
metry envelope functions. Transitions q and i are assigned to
transitions between higher-energy envelope functions at the
S-point. As can be seen from the multi-Gaussian fit in Fig-
ure 2A, transition h has a large oscillator strength compared
to the lower-energy transitions.

First, we will use effective mass theory to qualitatively
explain the trends observed in Figure 4. As was mentioned
above, the energies of transitions a to z increase (nearly)
linearly with D�1.5 and extrapolate to 0.28 eV, with an in-
creasing slope for higher energy transitions. Effective mass
theory yields the following expression[19–21] for interband
transitions with electrons and holes in the same orbitals
(e.g. 1Sh1Se, 1Ph1Pe, …):

Eopt
nl ðDÞ ¼ Eg þ

2c2
nl�h

2

D2

1
m*e
þ 1

m*
h

� �
� 0:9e2

einD
ð1Þ

where nl values are the quantum numbers of the electron
and hole orbitals and cnl values are roots of the spherical
Bessel function, which increase with increasing quantum
number.[19] Eg, �h, e, and ein correspond to the fundamental
bandgap, PlanckJs constant, the electronic charge, and the
dielectric constant inside the nanocrystal, respectively. Ne-
glecting the last term (because of the high ein of PbSe), we
find the following slope of the energy with respect to D�2:

dE=dðD�2Þ / c2
nl

1
m*e
þ 1

m*
h

� �
ð2Þ

Corrections to the above expressions (e.g., the use of a
finite potential barrier) lead to a weaker dependence of
energy on diameter.[19] However, it is clear that the slope of
the curves in Figure 4 should increase with increasing quan-
tum numbers of the orbitals involved, which is exactly what
is observed. Furthermore, the slope of the different transi-
tions is also determined by the effective masses of electrons
and holes. The significantly smaller slope of transition h

compared to transition a in Figure 4 is an indication that the

effective masses are larger at the S-point than at the L-
point. Although the size dependence of the lowest energy
transition is E�D�1.5 (and not D�2), we estimate the ratios
of the effective masses at the L- and S-points from the
slopes in Figure 4: (1/m*

e +1/m*
h )S =0.67(1/m*

e +1/m*
h )L. If

we assume electron–hole symmetry, we can deduce that
(m*

e )S = (m*
h )S =1.5(m*

e )L =0.15. In view of the simplifying
assumptions, this should be regarded as a rough estimate.

As was shown in Figure 3, tight-binding calculations can
reproduce the experimental absorption spectrum of PbSe
QDs with a diameter of 6.8 nm to a large extent. We have
calculated from which point in the Brillouin zone the differ-
ent transitions of the calculated spectrum originate. Figure 5
shows a 2D-contour plot of the projection of the QD wave
functions on bulk states, weighted by the oscillator strength
of the optical transitions within a certain energy range. The
results are shown as a function of the wave vector k of the
bulk state in the (110) plane of the Brillouin zone, for both
conduction and valence band states (upper and lower
images, respectively). Figure 5A and B shows the distribu-
tion of all transitions within an energy range of 0.60 to
0.68 eV, corresponding to transition a in Figure 3. As ex-
pected, these transitions are centred exactly at the L-point
in the Brillouin zone. Figure 5C and D show the oscillator-
strength-weighted distribution of all transitions within an
energy range of 1.85 to 1.88 eV, corresponding to transi-
tion h in Figure 3 (range indicated by the gray dashed verti-
cal lines). Interestingly, these transitions have a clear S-char-
acter, confirming the above interpretation that transition h

originates from the S-point in the Brillouin zone. The tight-
binding calculations find hundreds of different transitions
(with S-character) around transition h, indicating a high
density of states around the S-point in the Brillouin zone.
This explains the large optical density around 1.85 eV that is
observed in both the calculated and experimental absorp-
tion spectra in Figure 3.

Furthermore, the size dependence of the energy of tran-
sitions a and h was calculated using the same tight-binding
approach. The results are included in Figure 4. As can be
seen, the calculated size dependence of transition a nicely
follows the experimentally obtained energies, although the
dependence is not linear on this scale. The size dependence
of the energy of transition h is also reproduced by the tight-
binding calculations. The effective masses of both electrons
and holes can be extracted from the tight-binding calcula-
tions as well. The effective masses of the electrons (holes)
are 0.167 (0.135) in the <110> direction, �2.11 (�1.53) in
the <001> direction, and 0.098 (0.104) in the <1�10> di-
rection. The negative effective mass in the <001> direction
results from the fact that the S-point is not a valley,
but a saddle point. On average, this results in an
effective mass of approximately 0.19 for electrons
(1=m*

e ¼ 1=3* 1=m*
e; 110h i þ 1=m*

e; 001h i þ 1=m*
e; 110h i

� �
and 0.18

for holes (in a similar fashion) at the S-point in the Bril-
louin zone. This is in good agreement with the effective
masses that were derived from the experimental data using
effective mass theory.

MEG in PbSe nanocrystals through excitation of a high-
energy photon has received considerable attention in the
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past few years.[7–10] The mechanism for MEG, however, is
still under debate. Two theoretical papers used impact ioni-
zation (II) to explain the ultrafast carrier multiplication.[22,23]

In both cases, the II rate is calculated and compared to the
rate of competing nonradiative decay mechanisms (i.e.,
phonon-assisted electron/hole cooling). Apart from II, a co-
herent superposition of multi-exciton and single-exciton
states has also been proposed to explain MEG.[10,24] In this
case, the electron/hole cooling rate has to be slower than
the multi-exciton thermalization rate and the rate of cou-
pling between the single-and multi-exciton states.[24] Finally,
another group proposed the instantaneous formation of
multi-excitons through weak coupling with a virtual single-
exciton state to explain MEG, in which case the electron/
hole cooling does not play a role.[7]

The threshold for MEG in PbSe QDs of 6.8-nm diame-
ter (Eg =0.64 eV) was determined at 1.8 eV.[9] Here, we find
that PbSe 6.8-nm QDs have transition h at 1.9 eV. Similarly,
Schaller et al. found that for smaller QDs (Eg =0.94 eV),
the threshold for MEG was at 2.8 eV (ca. three times the
bandgap),[8] where we find transition h at approximately two
times the bandgap. However, Ellingson et al. found that for
smaller PbSe QDs (3.9–5.4 nm, Eg from 0.91–0.73 eV), the
threshold for MEG was between 2.1 and 2.9 times the
bandgap,[10] which is in better agreement with the position
of transition h that we find for these small nanocrystal sizes
(between 2.2 and 2.6 times the bandgap). The observation
that the experimentally obtained energy thresholds for
MEG correspond with the energy of transition h indicates
that excitation into the h state (at the S-point) may play a
role in the mechanism of MEG. For example, electron/hole

cooling to the L-valley may
become significantly slower
for an exciton at the S-point
compared to an exciton
within the L-valley. As was
mentioned above, slow elec-
tron/hole cooling is crucial to
explain efficient MEG by, for
example, impact ionization.

3. Conclusions

In conclusion, we have
measured and analyzed the
optical absorption spectra of
quasispherical PbSe nanocrys-
tals ranging from 3.4 to
10.9 nm in diameter. We have
identified, in total, 11 distinct
optical transitions. Compari-
son with state-of-the-art cal-
culated absorption spectra
shows a good agreement for
many of the features observed
but also demonstrates that
there are still important dis-
crepancies between experi-

ment and theory. By plotting all transition energies as a
function of nanocrystal size, we find that the energy of the
transitions changes as E/D�1.5. Low-energy transitions ex-
trapolate to 0.29 eV, in good agreement with the bandgap of
bulk PbSe in the L-valley. High-energy transitions extrapo-
late to 1.57 eV, in good accordance with the bandgap of
bulk PbSe at the S-point in the Brillouin zone. These
higher-energy transitions are therefore ascribed to direct op-
tical transitions at the S-point, and an estimate of the effec-
tive mass at this point of 0.15 for both electrons and holes is
obtained. Tight-binding calculations confirm that the high-
energy transitions originate from the S-point, and an aver-
age effective mass of 0.19 (0.18) is calculated for electrons
(holes), in good agreement with the experimentally derived
value. It is shown that the reported threshold energy for
multiple exciton generation in PbSe nanocrystals coincides
with the energy of the first direct transition at the S-point,
suggesting a relation between the two.

4. Experimental Section

The PbSe nanocrystals were synthesized inside an argon
or nitrogen-purged glovebox. All chemicals were stored
inside this glovebox. A stock solution of lead acetate tri-
hydrate (3.25 g, Aldrich, 99.999%) in diphenyl ether (10 mL
DPE, Aldrich), oleic acid (7.5 mL, Aldrich, 90%), and trioc-
tyl phosphine (40 mL TOP, Fluka, 90%) was prepared. The
lead oleate precursor was prepared by heating the above

Figure 5. 2D-contour plot of the projection of the QD wave functions yi on bulk states �k , weighted by
the oscillator strength of the optical transitions yi!yf within a certain energy range
[/
P
i;f

yi

�� yf

� ��� ��2 yih jr yf

�� ��� ��2 with Emin < Ef – Ei < Emax]. The results are shown as a function of the wave

vector k on the bulk state yk in the (110) plane of the Brillouin zone. (A) and (B) show all calculated
transitions (for conduction and valence band states �i, respectively) in an energy range of Emin=0.60 eV
to Emax=0.68 eV, corresponding to transition a in Figure 3. (C) and (D) show all calculated transitions in
an energy range of Emin=1.85 eV to Emax=1.88 eV, corresponding to transition h, as indicated by the
gray dashed vertical lines lines in Figure 3.
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mixture to over 708C under vacuum (<10�3 mbar) for 1 h to
remove trace amounts of water and acetate; a crucial step
to obtain monodisperse spherical nanocrystals.[25] The solu-
tion was allowed to cool to room temperature. Then
11.5 mL of this solution was mixed with a solution of seleni-
um (1.0 m, Alfa Aesar, 99.999%) in TOP (1.7 mL) and rap-
idly injected into DPE (10 mL) that was preheated to the
desired injection temperature. In a typical synthesis, the in-
jection temperature was 1808C, the temperature dropped
upon injection to 1258C and quickly reached the growth
temperature of 1358C. The size of the spherical nanocrystals
was controlled by the growth time, which varied from 14 s
(3.4 nm NCs) to 30 min (10.9 nm NCs). The crude products
were cleaned by the addition of a small volume of butanol
(Aldrich, anhydrous, 99.8%), centrifugation, and dissolution
of the precipitate in tetrachloroethylene (Aldrich, anhy-
drous, >99%). This cleaning procedure was repeated once.
Transmission electron microscopy images were obtained
with a Philips Tecnai 12, a Fei Tecnai 10, and a Fei Tecnai 20
FEG instrument. Optical absorption spectra were recorded
with a Perkin–Elmer Lambda 950 UV/Vis spectrophotome-
ter. Additional absorption spectra and corresponding
second-derivative spectra of PbSe QDs of different sizes can
be found in the Supporting Information.
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