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1. Introduction

Two decades ago, groundbreaking work 
by Klimov and Bawendi demonstrated 
that colloidal CdSe nanocrystals display 
optical gain and stimulated emission at 
densities of about 2 excitons per quantum 
dot,[1] despite efficient Auger recombina-
tion.[2] This finding sparked a vivid search 
for new solution-processed gain materials 
based on colloidal quantum dots, where 
subsequent progress produced CdSe/
CdS nanocrystals with suppressed Auger 
recombination,[3] microsecond pulsed[4] 
to continuous-wave lasing,[5] and most 
recently gain and lasing at sub-single-
exciton densities using photo- or elec-
trochemically charged nanocrystals.[6,7] 
Having reached these milestones, an 
outstanding challenge is to achieve such 
features over a wider gain bandwidth, in 
order to further broaden the opportuni-
ties that solution-processed gain materials 

Growing CdSe/CdS nanocrystals from a large CdSe core, and employing a 
giant CdS shell, a continuous, broadband gain spectrum, covering the spec-
tral range between the CdSe and the CdS band edge, is induced. As revealed 
by k·p calculations, this feature is enabled by a set of closely spaced S-, 
P- and, for larger CdSe cores, D-state hole levels, which are thermally 
occupied at room temperature, combined with a sparse density of electron 
states. This leads to a range of bleach signals in the transient absorption 
spectra that persist up to a microsecond. By extending a state-filling model 
including relevant higher-energy states and a Fermi–Dirac distribution of 
holes at finite temperature, it is shown that thermal occupancy can lower 
the gain threshold for excited states. Inclusion of Gaussian broadening 
of discrete transitions also leads to a smoothening of the gain threshold 
spectrum. Next to a direct measurement of the gain threshold, a method is 
also developed to extract this from the gain lifetime, taking advantage that 
population inversion is limited by Auger recombination and recombination 
rates scale with the exciton density as 〈N〉·(〈N〉 − 1). The results should be 
readily extendable to other systems, such as perovskite or III–V colloidal 
nanocrystals.
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provide for the fabrication of coherent light sources across the 
visible and near-infrared spectrum, as well as to enable new 
directions of applications, for instance in optical metrology 
where frequency combs based on broadband lasers are a key 
enabling technology.

Different groups have already reported on the observation 
of spontaneous multiexciton emission, as well as stimulated 
emission from higher-energy excited states, in particular using 
CdSe/CdS nanocrystals with a so-called giant shell (shell thick-
ness ≥ 4–5 nm).[8–11] Recent work by the Bawendi group added 
more depth to these results,[12] by showing that spontaneous 
emission from P-states is strongly outcompeted by S-state emis-
sion for triexcitons in CdSe/CdS nanocrystals due to a reduced 
electron–hole overlap. Still, the broadened spontaneous and 
stimulated emission spectra observed earlier clearly imply that 
it is possible to open up the gain bandwidth. At the same time, 
the photophysics underlying the required massive population 
inversion has remained elusive. For instance, the influence of 
the thick CdS shell, resulting in strong electron delocalization 
and reduction of quantum confinement on the electron states, 
on the energetic position of excited electron and hole levels, as 
well as the associated optical transitions and state degenera-
cies remains unresolved. This for instance raises the question 
of how excited-state lifetimes evolve under intense excitation 
fluencies, where Auger recombination dominates the carrier 
dynamics.

In this manuscript, we present an investigation of the 
photophysics that underlies the population inversion and 
excited-state stimulated emission, recently observed in giant-
shell nanocrystals with a pure-phase wurtzite crystal struc-
ture.[8] Using transient absorption spectroscopy with a time 
range from femto- to microseconds, we demonstrate that all 
transitions that are observed between the CdSe and the CdS 
band edge are long-lived, with a lifetime up to 1  µs, in con-
trast with earlier results on CdSe nanocrystals, where hot car-
riers rapidly relax to the CdSe band edge.[13] We demonstrate 
that the long lifetime finds its origin in closely spaced, ther-
mally accessible hole states near the top of the valence band. 
Next, at high pump fluency, a first blue shifted gain peak is 
formed around 625–650  nm depending on the core diameter, 
with gain lifetimes extending beyond 500 ps. At increased flu-
encies, we were able to obtain broadband gain that includes 
higher states down to the CdS adsorption edge at 500  nm. 
For these states, the exciton density at the gain threshold flu-
ency scales as expected for state-filling of the higher excited 
electron states only, resulting in a threshold that is markedly 
lower than what is anticipated from the high degeneracy of 
hole states. The gain lifetime across the spectrum evolves with 
the exciton-dependent Auger recombination as 〈N〉·(〈N〉 − 1),[14] 
yielding a final 7–13 ps lifetime for the highest observable state 
at 525–540  nm. Simulations of the gain threshold using the 
CdSe/CdS band structure obtained from k·p calculations in 
combination with an extended state-filling model highlight the 
importance of thermal occupation of excited hole states for low-
ering the gain threshold for specific states across the spectrum. 
Experimental and theoretical data reveal that broadband gain is 
enabled by the growth of a thick CdS shell, promoting electron 
delocalization, as well as employing a relatively large CdSe core, 
beneficial for increasing the hole density of states, yielding a 

band of thermally accessible hole states in combination with a 
sparse density of electron states.

2. Results and Discussion

2.1. Low-Fluency Transient Absorption Spectroscopy

For this study, we have investigated two samples of CdSe/CdS 
pure-phase wurtzite nanocrystals with a thick CdS shell. The 
first has a 4.1 nm CdSe core and an overall diameter of 15.0 nm 
(15 monolayer, ML, CdS shell, sample A), the second has a 
7.5  nm core and an overall diameter of 13.5  nm (8.6 ML CdS 
shell, sample B). Associated transmission electron microscope 
images, absorbance and PL spectra were reported previously.[8] 
The samples have a band gap at 636 and 646 nm, respectively 
(Figure  1). Using second-derivative analysis of the absorption 
spectrum,[15] we can discern up to three (sample A) and four 
(sample B) transitions. These transitions yield, as discussed 
by Di Stasio et  al.,[8] amplified spontaneous emission (ASE) 
resulting in an ASE spectrum that extends from the CdSe core 
to the CdS shell band edge (Table 1).

In order to understand the photophysics behind the ASE 
spectra, we first performed transient absorption (TA) spectros-
copy, in a time domain extending from femto- up to micro
seconds. Samples were excited with a 400  nm femtosecond 
pulse and the TA was collected up to 3 ns, and with a 355 nm 
nanosecond pulse for which the TA was collected up to 10 µs. 
In Figure 2, for sample A, both maps were normalized at 1 ns 
in order to reconstruct the entire decay. The excitation flu-
ency was kept at 65  µJ  cm−2, for which we excite on average 
〈N〉 ≈ 1.6 excitons per nanocrystal. We observed a broad bleach 
band consisting of several transitions, which all have TA bleach 
dynamics that extends into the microsecond time domain 
(Figure  2b). Independent of the wavelength interval that we 
probed, all transitions have a similar long-lived decay constant 
(Figure  2c), which also matches well with the photolumines-
cence decay. Note that an initial fast relaxation (2 ps time range) 
is observed for the 470–500 nm interval, with a similar rise time 
for the remaining spectral range below the CdS band edge. It 

Adv. Optical Mater. 2022, 10, 2201378

Figure 1.  Absorbance spectra of the two samples, with vertical lines 
indicating the different transitions as obtained from second-derivative 
analysis. PL spectra show a maximum at 657 and 661 nm, respectively.
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reflects hot carrier relaxation to the CdS band edge.[16] A similar 
long lifetime is observed for all states that are probed in sample 
B (Figure 2d,e).

As a Stark shift, due for example to trapped charges, is 
expected to induce an asymmetric bleach signal with strong 
photoinduced absorption,[17] which we do not observe, we can 
rule it out as the origin of these long-lived features. Hence, they 
can be ascribed to state filling of different excited electron and 
hole levels.

2.2. Energy Level Calculations

To gain further insight into this optical behavior, we performed 
k·p band structure calculations, for a series of nanocrystals 
with fixed CdSe/CdS diameter of 15 nm, and for two additional 
CdSe/CdS that match the geometry of our experimental sam-
ples A and B. We calculated the electron and hole states within 
a wurtzite description. Electron states were described with a 
single-band effective mass Hamiltonian, for the hole states we 
used Chuang’s six-band Hamiltonian.[18,19] Coupling between 
heavy hole, light hole and split-off subbands was hence taken 

into account, along with a finite band offset between core and 
shell. As compared to cubic and quasi-cubic Hamiltonians, the 
wurtzite model provides a more accurate description of the 
density of hole states, which are significantly influenced by 
band coupling (see Supporting Information for a comparison). 
Strain and piezoelectricity[20] were not considered here (see 
Supporting Information for further motivation), and parame-
ters used for the wurtzite description are given in Tables S1 and 
S2 (Supporting Information).

We first considered nanocrystals with fixed overall (i.e., core 
plus shell) diameter Dcs  = 15  nm (similar to the experimental 
samples) and variable core diameter Dc (Figure 3a). Calculations 
show that electron 1Se and 1Pe energy levels are considerably 
split, by 80  meV or more across the entire range (Figure  3b). 
Remarkably, despite the large CdS shell yielding a 15 nm overall 
diameter, the 1Pe, 2Se and 1De levels are also clearly split, even 
though they lie above the conduction band offset and are 
delocalized over the entire core/shell nanocrystal (Figure S2, 
Supporting Information) for most core diameters. The hole 
energy levels on the other hand are much more closely spaced 
(Figure  3c). A first band of states is formed by the 1S3/2 and 
1P3/2 states. Due to the crystal field of the wurtzite lattice, the 
four-fold degenerate 1S3/2 hole state (F = 3/2, Fz = ±3/2, ±1/2) 
splits into a ground state doublet with Fz = ±3/2 and an excited 
state with Fz = ±1/2. The former (latter) has predominant heavy 
hole (light hole) character. Interestingly, for the experimental 
nanocrystals used (Figure  3d,e), these states lie within 42 
and 23  meV for samples A and B, respectively, implying that 
these are thermally occupied at room temperature. For sample 
B, a second band of thermally accessible hole energy levels 
formed by 1P5/2 and 2S3/2 states can be identified, lying around 
29–38 meV below the ground state.

The spectral position of optically allowed transitions between 
these states and the respective 1Se and 1Pe electron states was 

Adv. Optical Mater. 2022, 10, 2201378

Table 1.  Spectral position of the transitions in the absorbance and 
(reported[8]) ASE spectra. All ASE peaks are blue-shifted compared with 
the corresponding absorbance peaks.

Sample A Sample B

Absorbance [nm] ASE [nm] Absorbance [nm] ASE [nm]

First peak 636 623 646 648

Second peak 598 568 622 612

Third peak 559 523 576 566

Fourth peak – – 546 538

Figure 2.  a) TA map for sample A, using a pump fluency of 65 µJ cm−2, constructed from fs and ns excited TA spectra. b) Differential transmission 
ΔT/T spectra at different time intervals for sample A, demonstrating broadband, long-lived TA relaxation. c) Sample A decay traces for the TA bleach 
features are similar across the spectrum, and agree with the PL decay (black line). d,e) ΔT/T spectra at different delay times and decay traces for 
sample B, showing similar behavior.
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subsequently calculated. We have to remark that these do not 
exactly match experimental values, as we did not include elec-
tron–hole Coulomb interactions in the band structure calcula-
tions. Rather than evaluating the exact Coulomb energy for the 
whole band of excited states, which would require massive con-
figuration interaction calculations, we added a fixed shift to the 
calculated transitions, of 177 and 20.5  meV for samples A and 
B, respectively, to match the experimental 1Se-1S3/2 transition. 
Resulting transition wavelengths and associated thermal occu-
pancy of the respective hole levels are compared to the TA spec-
trum collected at 1 ns in Figure 4, with all calculated transitions 
reported in Tables S4 and S5 (Supporting Information). The 
results demonstrate that indeed, a broad range of transitions, 
spanning the region between the CdSe and CdS band edge, are 
governed by thermally occupied S- and P-hole states. In line with 
earlier TA experiments of the Houtepen group,[21] in high-quality 
CdSe/CdS nanocrystals also holes contribute to the TA bleach 
spectrum, hence the thermal occupation of excited hole states 
between the CdSe and CdS band gap is expected to yield long-
lived bleach features, in agreement with experimental data. With 
a valence band offset between CdSe and CdS of about 440 meV, 
the close spacing of hole states is dictated predominantly by 
the large diameter of the CdSe core, showing the importance 
of increasing the latter to obtain the unique features described 
above. For sample A, we also observe a bleach feature around 
600  nm that cannot be explained by the hole occupancy, how-
ever, this wavelength range corresponds to transitions involving 
the 1Se electron state (Figure 4a, grey bars, with arbitrary height). 
Similar transitions appear for sample B around 635 nm.

2.3. Optical Gain Measurements

With this detailed understanding of the CdSe/CdS giant-shell 
band structure and TA lifetimes in the CdSe–CdS band-edges 
spectral range, we progressed to higher pump fluency, focusing 
now on femto- to nanosecond TA to investigate the gain 
dynamics. We measured the differential absorption ΔA at var-
ying fluency, from which we calculated the gain G as –(ΔA + A0), 
with A0 the linear absorbance. The region of positive gain is 
then plotted in a gain map. Figure 5a shows a typical example, 
for sample A, measured at a pump fluency of 1.7 mJ cm−2, cor-
responding to an exciton density of 〈N〉 = 18. The maps are then 
time-integrated over the full time domain (up to 3 ns) to con-
struct the gain spectrum. Figure  5b,c shows the gain spectra 
for sample B, and Figure 5d,e for sample A. Notice that a gain 
band up to 200 nm wide can be obtained, spanning essentially 
the entire spectral region between the CdSe and CdS band gap. 
While the gain spectrum is blue-shifted from the fundamental 
absorption gap, the wide spectral range obtained can be attrib-
uted to the ability of our CdSe/CdS to display gain even at 
exciton densities approaching 〈N〉 = 200 for the highest pump 
fluency, suggesting that the large-core, giant-shell CdSe/CdS 
heterostructure can accommodate a high carrier density. At the 
same time, due to the giant-shell motif, the gain coefficient in 
the CdSe spectral region remains modest compared to litera-
ture values obtained on CdSe/CdS.[22] Depending on the excita-
tion conditions the band edge gain coefficient at 3 ps is about 
400–465 and 465–580  cm–1 for samples A and B, respectively 
(Figure S10, Supporting Information), while CdSe/CdS with a 

Adv. Optical Mater. 2022, 10, 2201378

Figure 3.  Calculated energy levels of wurtzite CdSe/CdS nanocrystals as a function of core diameter. a) Sketch of the heterostructure under study. b) 
Electron states, for which solid dots (empty circles) denote electron states with most of its charge density in the core (shell). c) Hole states. d,e) Zoom 
of hole states for sample A and B, respectively. In (b) and (c), energies are referred to the top of the CdSe valence band (in bulk), the dot color indicates 
the lowest envelope angular momentum, and the dashed line represents the bulk conduction (cbo) and valence (vbo) band offset.
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thin shell showed values up to 2800  cm–1. For higher-energy 
states, the gain coefficient does increase further, reaching 690 
and 1090 cm–1 at 530 nm for samples A and B, respectively.

Next, the experimental gain spectra are compared to the 
spectral positions of the ASE peaks (Table 1, Figure 5, black ver-
tical lines). Clearly, the spectral features observed in the gain 
spectra agree well with the spectral position of the ASE peaks. 
In addition, we can now also assign the states that pertain to 
these features. For this, we calculated the expected transition 
wavelength of the different states using the k·p band structure 
(Figure 5, grey vertical lines, and Tables S4 and S5, Supporting 
Information) for all transitions and wavelengths). Again, we 
applied a fixed red shift, of 137 and 26.4  meV for samples A 
and B, respectively, to match calculated transitions with the 
experimental band-edge gain peaks. Focusing first on the large-
core sample B (Figure 5b,c), comparison of computational and 
experimental data shows that a continuous gain spectrum can 
indeed be obtained due to the high number of electron/hole 
states with transitions between the CdSe and CdS band gap. A 
more careful inspection shows that states which line up with 
the ASE/gain peaks correspond to transitions involving the 1Se, 
1Pe, 1De, and 1Fe electron states, respectively. More specifically, 
they are due to the transitions 1Se-1S3/2, the 1Pe-1P3/2 – 1Pe-1P5/2 
manifold, 1De-1S3/2 – 1De-1S5/2 manifold, and 1Fe-1P3/2, with 
possible contribution from the 2Pe-1P3/2 – 1Pe-1P5/2 manifold 

for the latter, as these are closely spaced with the former. For 
sample A, a similar picture arises, yet assignment of the final 
ASE transition around 520  nm (Figure  5d) remains more 
ambiguous, possibly due to the fact that we do not take the addi-
tional blue shift due to multiexciton repulsions into account in 
our k·p calculations. Indeed, this results in an experimental 
ASE transition that is not superposed on the corresponding 
1Fe-1P3/2 transition as in the case of sample B, as this is cal-
culated to lie around 550  nm. Note also that the gain spectra 
show additional features not perceived in the ASE spectra,[8] for 
instance around 590 and 540–550 nm. However, the absence of 
ASE for sample A at these wavelengths might simply be due to 
mode competition between the different ASE modes.

Regarding the gain threshold, for sample B, when using 
530  nm excitation (Figure  5b) to avoid nonradiative carrier 
losses due to surface trapping, the band-edge gain develops with 
an onset of about 〈N〉  = 1–2 excitons per nanocrystal, in line 
with earlier results on CdSe/CdS nanocrystals with a thinner 
CdS shell.[22] The excited-state gain bands develop around 
〈N〉 = 3 excitons for the second band, and at 〈N〉 = 7–13 for the 
third gain band. Sample A shows a similar behavior (Figure 5d). 
These values are small considering the high degeneracy of hole 
states, and suggest that exceeding population inversion of the 
corresponding electron levels is sufficient to obtain gain. When 
extending the pump wavelength from 530 to 400 nm and thus 
exciting primarily the CdS shell, for sample B (Figure  5c) the 
exciton density for a similar gain threshold is about twice the 
number required when pumping the CdSe core with 530  nm 
excitation. In addition, the fourth gain peak appears when the 
exciton density exceeds 〈N〉  = 24. In the small-core sample 
A, the core-to-total nanocrystal volume ratio is significantly 
smaller (1:49, compared to 1:6 for sample B), and as a result, 
while the same features can be observed, the exciton densities 
required to achieve gain using a 400 nm pump wavelength are 
significantly higher (Figure 5d), likely due to increased carrier 
trapping and nonradiative losses at the CdS surface.[23]

To understand this threshold behavior, we first measured the 
gain threshold by independent means. Starting with sample B, 
in Figure 6a we plot contours of the gain threshold for varying 
pump fluency in a time-wavelength map, using a 530 nm pump 
wavelength. This representation reveals that, once the maximal 
gain is reached, the gain lifetime τG, i.e., the time delay at a 
given wavelength for which net stimulated emission turns into 
net absorption, is largely independent of the pump fluency. 
Maximum values lie around τG,XX  = 650  ps for the band-edge 
gain. This gain lifetime is more than an order of magnitude 
shorter than the biexciton lifetime of τXX  = 33  ns estimated 
from the fluorescence decay time via τXX  = τX/4,[24] allowing 
us to conclude that the gain lifetime is limited by nonradiative 
Auger recombination and not by its intrinsic radiative rate.

While ample literature is available that discusses the influ-
ence of the nanocrystal volume and the CdSe/CdS interface 
on the Auger rate kAR,[3,24–26] less is known about the scaling of 
kAR with electron and hole density. Recently however, Philbin 
and Rabani[27,28] showed that electron–hole correlations should 
not be neglected when calculating kAR in weakly to moderately 
confined systems including CdSe/CdS nanocrystals, leading 
to an Auger rate that scales not with 〈N〉2·(〈N〉  − 1), but as 
kAR  ∼  〈N〉·(〈N〉  − 1). Since we can assume that τG is inversely 

Adv. Optical Mater. 2022, 10, 2201378

Figure 4.  Calculated transitions and fractional hole occupancy (red bars) 
for a) sample A and b) B, compared to the experimental TA spectrum col-
lected at 1 ns (green). Hole states that are thermally occupied (occupancy 
of at least 20% compared to the lowest 1S3/2 state) are marked in bold. 
Additional calculated transitions associated with the 1Se electron state are 
marked with grey bars (arbitrary height).
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proportional to kAR as discussed above, the lifetime spectrum 
can be converted to a gain threshold spectrum using this rela-
tion, since

N NG 11τ ( )∼ × −−
	 (1)

Knowing this, when we fix the biexciton gain threshold 〈NXX〉 
to 1.6 as given by the direct gain threshold measurement, and 
the associated biexciton gain lifetime τG,XX to 650  ps as given 
by the gain lifetime measurement, Equation  (1) gives us the 
threshold for any given wavelength 〈N(λ)〉 from the gain life-
time τG(λ) as a solution of:

N N

N NXX XX

XX· 1

· 1
G,

G

λ λ τ
τ λ

( )( ) ( )
( )( )

−
−

= 	 (2)

In Figure  6b, we compare the direct measurement of 〈N〉, 
extracted from an interpolation of the fluency-dependent 
measurements of Figure  5b (red markers), and 〈N〉 obtained 
from the gain lifetime using the trace collected at highest flu-
ency in Figure 6a and Equation  (2) (blue markers). A remark-
able agreement is observed, highlighting both that the gain is 
Auger-limited, and, more importantly, that a measurement of 
the gain lifetime provides a powerful method to understand 
the exciton density at which gain develops for different wave-
lengths and associated electronic states. Sample A, which has a 

maximal gain lifetime τG,XX = 495 ps with a corresponding gain 
threshold 〈NXX〉 = 1.6, shows a similar result (Figure 6c,d).

2.4. Optical Gain Modeling

Finally, to consolidate the experimental results, the k·p energy 
level structure of the two samples was used in a state-filling 
scheme, to model the gain threshold for the different calcu-
lated electronic states. First, we expanded on recent state-filling 
models for the biexciton gain in CdSe/CdS nanocrystals,[22] 
here including all states calculated for our nanocrystals and 
their energetic position (see Tables S4 and S5 in Supporting 
Information). As we know from the low-fluency TA spectros-
copy, lowest-lying hole states are thermally occupied at room 
temperature, so we added temperature as a parameter. Based 
on the number of carriers in the system and the temperature, 
the occupancy of the energy levels was calculated for both 
electrons and holes by applying the appropriate Poisson and 
Fermi–Dirac statistics (see Supporting Information Section 
3 on gain modeling). Using these occupancies, we calculated 
the gain threshold for every transition, and together with the 
associated wavelength, reconstructed a discrete threshold 
spectrum. The latter is shown in Figure  6b,d, for samples B 
and A, respectively. Focusing on sample B, initially, at 0 K we 
obtained the case of pure sequential state filling, with a band-
edge gain threshold starting at 1.15 excitons, in line with earlier 

Adv. Optical Mater. 2022, 10, 2201378

Figure 5.  a) TA gain map for sample A, obtained with a pump fluency of 1.7 mJ cm−2. b) Time-integrated gain spectra (the spectral region that does not 
show gain is set to zero), exciting sample B at 530 nm. The pump fluency has been converted to a number of excitons per nanocrystal, via the linear 
absorption cross section. Vertical black lines correspond to the ASE peak wavelengths, see Table 1. Vertical grey lines correspond to the calculated 
transitions. c) When exciting sample B at 400 nm, a similar result is obtained, yet at higher exciton density. Due to the higher excitation photon energy, 
a fourth gain peak appears at the highest fluencies. d,e) Similar results are obtained for sample A.
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results.[22] At shorter wavelengths, the gain threshold rapidly 
increases due to the presence of higher excited hole states, 
after which another low-lying threshold is observed around 
610 nm, here associated with the 1Pe-1P3/2 transition. The pat-
tern of increasing and decreasing threshold then repeats again. 
At higher temperatures however, here simulated between 
100 and 400  K, we observe fewer variations in the calculated 
curves, due to thermal occupancy of holes in excited states. 
In particular, transitions associated with the lowest 1S3/2 hole 
state, for sample B around 650  nm, see an increase of the 
threshold due to a relative depletion of the hole state induced 
by thermal redistribution of holes over different states, while 
the states at slightly shorter wavelength see a strong decrease 
of the threshold by thermal filling of the associated hole states, 
leading to a more efficient population inversion for these tran-
sitions than expected from pure sequential state filling. While 
we acknowledge that absolute values of the calculated threshold 
still remain about a factor of two higher than experimental data, 
the gradual increase of the gain threshold toward shorter wave-
length is in line with the experimental observations. Hence, at 
a small cost of increasing the gain threshold at the band edge, 
where hole states are depleted by thermal excitation, we can 

strongly reduce the gain threshold at higher energies by taking 
advantage of the same thermal excitation of holes into higher-
excited states. Sample A shows similar behavior.

Second, as we also know that the nanocrystal ensemble 
exhibits absorption features that are broadened at room tem-
perature, also the influence of line broadening was assessed. 
To do so, a line width of 75 meV was assigned to each transi-
tion, in accordance with the line width of the emission peak 
(Figure  1). Following the approach of Bisschop et  al.,[22] based 
on the occupation of the electron and hole levels, an amplitude 
can be assigned to the transition (i.e., completely empty levels 
yield an amplitude of +1, completely filled levels yield −1). Sum-
ming up all these Gaussians yields a nonlinear absorption spec-
trum that depends on the number of excitons in the system 〈N〉 
(Figure S13, Supporting Information). We then derived the gain 
threshold spectrum by determining, for each wavelength, the 
number of excitons for which the spectra pass from absorp-
tion into gain. The results are shown in Figure 6e (sample B) 
and Figure 6f (sample A), respectively. Interestingly, line broad-
ening leads to a further smoothening of the gain threshold 
spectra, here already observed at relatively lower temperature 
compared to the calculation using discrete energy levels. While 

Adv. Optical Mater. 2022, 10, 2201378

Figure 6.  a) Gain lifetime spectra for sample B, plotted as contours of the gain threshold in a time-wavelength map, using an excitation wavelength 
of 530 nm. The legend indicates the corresponding average number of excitons per nanocrystal. b) Gain threshold spectrum obtained from direct 
measurement of the threshold using varying fluency (red markers), and as calculated from the gain lifetime at highest fluency (blue markers). Black, 
brown, orange, yellow and green traces show the gain threshold calculated from the k·p energy levels, at various temperatures. Due to thermal occupa-
tion of excited hole states at elevated temperature, a smoothened curve is obtained. c,d) Same data for sample A. e) Gain threshold spectra at varying 
temperature of sample B, calculated assuming a 75 meV line broadening for each transition. Data are compared to the experimental gain threshold 
(red markers). f) Same data for sample A.
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further work remains to be done to carefully disentangle both 
effects, we conclude that thermal occupation of holes should 
not be neglected when analyzing gain in colloidal nanocrystals, 
yet homo- and/or heterogeneous line broadening of the transi-
tions can to a certain extent mask its effect.

3. Conclusions

In conclusion, combined experimental and computational work 
has revealed that the thermal occupation of excited hole states 
in CdSe/CdS giant-shell nanocrystals with a large core has a 
profound effect on both the excited-state bleach dynamics and 
the gain thresholds. The k·p calculations demonstrate that due 
to reduced quantum confinement in such CdSe/CdS nanocrys-
tals, a large number of hole states is thermally accessible at 
room temperature, leading to long-lived bleach features in the 
transient absorption spectra. At the same time, the thermal 
occupation of these states, together with a sufficiently long 
band-edge gain lifetime approaching the nanosecond regime, 
yields a continuous, broadband gain spectrum up to 200  nm 
wide, spanning the entire spectral region between the CdSe 
and the CdS band edge. The gain threshold for the associated 
transitions, assigned again via k·p calculations, increases gradu-
ally with decreasing wavelength. This was confirmed by inde-
pendently converting the gain lifetime into a gain threshold, 
assuming that the gain lifetime is limited by Auger recom-
bination, and modeled by taking thermal occupancy of hole 
states into account in a state-filling model for the gain. Our 
results show that relaxing quantum confinement and there-
fore reducing the energetic spacing between the different hole 
states can lead to low-threshold broadband gain, and underline 
the role that temperature plays in such photophysics. The gen-
erality of the approach implies that it can be readily extended 
to future understanding of gain dynamics in similar colloidal 
nanocrystal systems, based for instance on III–V or perovskite 
semiconductors.

4. Experimental Section
Nanocrystal Synthesis: CdSe/CdS giant-shell nanocrystals were 

synthesized according to established procedures.[23] The characterization 
of the nanocrystals was reported by Di Stasio et al.[8]

Low-fluency transient absorption spectroscopy was conducted 
using samples in fused silica cuvettes, with solutions at a sufficiently 
low concentration to minimize variation in excitation density along 
the 1  mm optical path. The TA signal was collected in transmission 
geometry. An amplified Ti:sapphire laser (Quantronix Integra-C) 
generated 130 fs pulses centered at 800 nm, at a repetition rate of 1 kHz. 
A broadband UV–vis probe was generated by focusing the pulses into 
a thin CaF2 plate, mounted on a moving stage to avoid laser-induced 
damage. For time delays up to 1 ns, the sample was excited with pump 
pulses centered at 400 nm, generated via second harmonic generation 
with pump-probe delay determined by a physical delay stage. For 
delays beyond 1 ns, pump pulses centered at 355 nm (700 ps FWHM) 
were obtained from the third harmonic of a Q-switched Nd:YVO4 laser 
(Innolas Picolo) which was electronically triggered and synchronized 
to the Ti:sapphire laser via an electronic delay. After interaction 
with the sample, a homebuilt prism spectrometer dispersed the 
probe light onto a fast CCD array, enabling broadband shot-to-shot  
detection.

High-Fluency Transient Absorption Spectroscopy and Gain 
Measurements: Samples were photo-excited using 100 femtosecond 
pulses (1  kHz) at 400 and 530 nm, created from an 800 nm Ti:S laser 
(Spitfire Ace, Spectraphysics) through frequency mixing in a TOPAS 
optical parametric amplifier (Light Conversion). Broadband probe pulses 
were generated in a CaF2 (350–700 nm) using the 800 nm as seed. The 
probe was delayed using a delay stage with maximum delay of up to 
3.3  ns (Newport TAS). Noise levels of 0.1 mOD (RMS) were obtained 
by averaging over 5000 shots per time delay. Using 2 mm path length 
cuvettes, the samples, diluted to an optical density of ≈0.2, were stirred 
during pump-probe measurements to avoid effects of photo-charging 
and sample degradation. No sample degradation was observed.

Quantification of Absorbed Photons Per Nanocrystal: The average 
number of absorbed photons (or photo-generated electron–hole 
pairs) at time zero, here labeled 〈N〉, generated by a pump pulse was 
calculated as 〈N〉  = Jph·σa, with Jph is the photon flux in photons  cm−2 
and σa is the absorption cross section of the nanocrystals. The beam 
size used for calculating Jph is measured using a Thorlabs CCD Camera 
Beam profiler. The cross section is determined starting from the intrinsic 
absorption coefficient[29] as σa = µi·VQD, with VQD the average volume of 
a nanocrystal.

Gain Modeling and k · p Calculations: A full description of all 
calculations is given in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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