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he tunability and ease of processing
Tof colloidal quantum dots (QDs) offer

many opportunities for the develop-
ment of novel opto-electronic devices, such
as lasers, electro-optic modulators, and high-
speed detectors."? The design of efficient and
competitive materials for the photonics in-
dustry based on QDs requires a precise
understanding of the electronic states in-
volved in light—matter interaction and the
decay dynamics of photogenerated carriers. In
the case of QDs with their first exciton absorp-
tion in the near-infrared (800—2000 nm), most
studies have focused on interband transi-
tions and intraband relaxation.>~® On the
other hand, a few literature studies indicate
that additional electronic transitions are
relevant in excited QDs. Intraband absorp-
tion between the 1S and 1P state has been
studied extensively for CdSe,”® PbSe'°
and PbS,"" with good agreement between
experiment and theory. In the case of CdSe
QDs, several authors'?~'° reported photo-
induced absorption (PA) at wavelengths
directly below the band gap, which they
attributed to absorption from excited trap
states at the QD surface. Recent work on
CdSe QDs'® and CdSe/CdS QDs'” identified
absorption from holes to be the main con-
tribution to this signal. For PbS QDs
coupled to nanostructured metal oxides,'®"°
a similar broad PA feature below the band
gap was observed, though its origin remained
unclear.

In this paper, we report on strong, broad-
band photoinduced absorption (PA) in lead
chalcogenide QDs, starting at photon en-
ergies directly below the band gap. Using
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Using femtosecond transient absorption spectroscopy, we demonstrate that lead chalcogenide

nanocrystals show considerable photoinduced absorption (PA) in a broad wavelength range

just below the band gap. The time-dependent decay of the PA signal correlates with the

recovery of the band gap absorption, indicating that the same carriers are involved. On this

basis, we assign this PA signal to intraband absorption, that is, the excitation of

photogenerated carriers from the bottom of the conduction band or the top of the valence

band to higher energy levels in the conduction and valence band continuum. We confirm our

experiments with tight-binding calculations. This broadband response in the commercially

interesting near- to mid-infrared range is very relevant for ultra-high-speed all-optical signal

processing. We benchmark the performance with bulk Si and Si nanocrystals.

KEYWORDS: intraband absorption - lead-based quantum dots - broadband -
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femtosecond transient absorption (TA)
spectroscopy, we find that the decay of
the PA matches the recovery of the band
gap absorption. Therefore, we interpret the
PA in terms of transitions of excited elec-
trons and holes from the lowest conduction
(LUMO) and the highest valence band state
(HOMO) to the conduction and valence
band continuum, respectively. Moreover,
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Figure 1. Steady state (orange line, right axis) and differential
transient absorption spectrum (black dots, left axis) of PbSe
QDs (top graph) and PbSe/CdSe (bottom graph) 5 ps after the
pump pulse shows absorption bleach (AB) of the band gap
absorption (Aa. = 0y — o > 0) and wavelength-independent
photoinduced absorption (PA, Aca. < 0) below the band gap.
we demonstrate that this broad intraband absorption
is a characteristic of several Pb chalcogenide QDs, in-
cluding PbSe and PbS core QDs and PbSe/CdSe core/
shell QDs. Using tight-binding® calculations on PbSe
QDs, we show agreement between the observed PA
and the calculated intraband absorption spectrum. The
calculations shed light on the initial and final states
involved in the photoinduced absorption process.

Because of intraband absorption, excited Pb chalco-
genide QDs absorb light in a wavelength range where
ground state QDs are transparent. Depending on the
size of the QDs, this wavelength range can be tuned to
cover wavelengths around 1300 and 1550 nm, which
are widely used in optical communication. Since intra-
band transitions have a strong absorption coefficient
and are followed by picosecond intraband cooling, our
findings show that Pb chalcogenide QDs are highly
relevant materials for telecom applications. Free carrier
absorption (FCA), the equivalent process in bulk semi-
conductors, is nowadays widely studied for optical
modulation.?'?2 However, momentum conservation
forbids intraband transitions in this case, which makes
a phonon needed for FCA. This results in a relatively
low absorption coefficient and makes applications in
ultrafast optical switching sensitive to the device tem-
perature. Hence, by proving that intraband absorption
is an allowed process in Pb chalcogenide QDs over a broad
wavelength range, our results are a particular example of
how size quantization affects the properties of materials
up to a level where they outperform bulk materials.

RESULTS

Figure 1 shows the change in absorption of PbSe
core (d = 4.6 nm) and PbSe/CdSe core/shell QDs
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(4.5 nm core, 0.5 nm shell) following excitation with a
50 fs pump pulse (Apump = 790 nm). This resulting
excited state cools down rapidly.?* A buildup of carriers
at the band gap reduces the band gap absorption
(absorption bleach, AB), as can be seen in Figure 1.
Here, a bleach is indicated by a positive value for Aa. =
o — a, where 0y is the steady state absorbance and a
is the absorbance after the pump pulse. However,
below the band gap (1700 to 2000 nm), we observe a
negative Aa for both materials, indicating photo-
induced absorption (PA).

To gain insight into the nature and strength of the
PA, we performed power and wavelength-dependent
measurements. At high fluences, when more than one
exciton is created per QD, the distribution of multi-
excitons is Poissonian, and the decay of the TA signal is
governed by Auger recombination.®* After 500 ps, all
multiexcitons have recombined, leaving a population
of singly excited QDs. Assuming an initial Poissonian
distribution of carriers, the normalized differential
absorption after 500 ps becomes

M — 3(1 _e’Neh) (1)

Qo g

Here we have expressed the pump power as the
average number Ny, of excitons that are created per
QD by the pump pulse (see Supporting Information).
The value of g is the degeneracy of the LUMO and the
HOMO. The factor 2 accounts for both electrons and
holes since the differential absorption is proportional
to the sum of all involved carriers.*®

The power dependence of the PA for short and long
times after the pump pulse is given in Figure 1 for PbSe.
A similar behavior is observed for PbSe/CdSe (see
Figure S-1 in Supporting Information). At short delay
times (red curves), the PA is linear with N, within the
given power range, in agreement with a Poisson
distribution of the initial excitons. At long times, we
observe a trend, which fits well to eq 1.

On the basis of these traces, we quantify the
strength of the AB and PA transition as the absorbance
per exciton Oagex and Qpa ex, respectively; Opp ex is the
maximum PA after long delay, obtained from fitting
eq 1 to the black curves in Figure 2 (see Table 1). For
PbSe, oagex (Obtained in the same way) is 16.9 X
1072 cm™" (fwhm = 81 meV). The intraband transition
is about 10 times weaker. The PA per exciton Qpa ex
in PbSe/CdSe is also about 10 times weaker than the
Oagex (88 X 10~*cm ™", fwhm = 105 meV). To compare
both materials, the absorption coefficient 4?° and the
cross section o = uVqp for the PA are also given in
Table 1. The cross sections are very similar for both
materials. The larger volume of PbSe/CdSe results in a
lower u than PbSe QDs with similar core size. The u is
proportional to the oscillator strength and the local
field factor.?” Given the increasing local field factor
in core/shell QDs compared to core only QDs,?® a lower
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Figure 2. Differential absorption as a function of average
number of excitons N, 5 ps after the pump pulse (orange)
and 500 ps after the pump pulse (black) at 1700 nm
(triangles), 1850 nm (squares), and 2000 nm (circles) for
PbSe QDs. The solid lines are fits to a Poissonian state filling
model.

TABLE 1. Photoinduced Absorbance for a Population of
One Exciton in the Initial State oppex Derived from a
Poissonian Fit, Together with the Absorption Coefficient
for PbSe and PbSe/CdSe QDs

PbSe PbSe/CdSe
;Lprobe Olpp,ex HPa,ex Oph,ex Olpp,ex HPa,ex Oph,ex
(om) (@) (m) () ™) (") (am?)

92x 107 86x 107" 92 80x 107"
77x107® 56 x 107" 82 71x10°®
97 %107 86x 107" 92 80x 10"

1700 154 x 107> 187
1850 129 x 1073 157
2000 1.57 x 107> 190

(a) (b)

utranslates in a lower oscillator strength for PbSe/CdSe
QDs.

Figure 3 shows that after 10 ps delay the transient
absorption for PbSe at the band gap maximum (red
trace) and below the band gap (black traces, inverted
for clarity) follows a very similar time dependence for
three different values of the pump power. This decay is
due to Auger recombination. Fitting a sum of three
exponentials to the absorption transients (see Support-
ing Information about the fitting procedure) yields a
biexciton lifetime of 82 ps, a triexciton lifetime of 32 ps,
and a quadrexciton lifetime of 13 ps for the PbSe QDs
at the band gap. The PA transients differ from the
transients at the band gap for early delay times. The
onset is much steeper, which is clearest for the highest
pump power (see Figure 3c). For both high and low
pump powers, an initial decay is present, which we do
not observe in the differential absorption transients
around the band gap. The fitting procedure (see
Supporting Information) yields a lifetime of 1.2 ps for
this initial decay. Similar dynamics are observed for
PbSe/CdSe QDs, which is summarized in Table 2.

TABLE 2. Auger Decay Times and Initial Decay Times for
PbSe and PbSe/CdSe QDs, As Extracted by the Fitting
Proceduce

[ps] PhSe PbSe/CdSe
Tan=2 8 +77 84+ 64
Tan=3 32+89 16 £ 0.84
Tan=a 13435
Thot 1.2 4£0.13 134024

PbSe QDs

| Ng,, = 0.17
— —— 1400 nm — o
279 fi—ssonml @ zo00nm
= (inverted) inverted) | 1850 nm Probe
|

N *o-1Sgp

_ Pump 11400 nm Probe

Nen = 2.1 PbS QDs os
-
0.1 10 1000 ()
Time [ps]

Figure 3. (a—c) Absorption transients for the differential absorption at the band gap (1450 nm, red) and below the band gap
(1850 nm, black, inverted for clarity) for PbSe QDs show similar decay dynamics after 10 ps for three different values of the
pump power: (@) Nep, = 0.17, (b) No, = 0.7, and (c) N, = 2.1. An initial faster decay is present in the PA transients for all three
pump powers shown. (d) Absorption transients for very small PbS QDs (2.45 nm) for which the pump is resonant with the band
gap transition (780 nm) showing PA (Ao < 0), yet no fast initial decay component. (e) Intraband transitions probed by the
subgap probe (black). These transitions cause the fast initial decay component in the subgap transients (black) for
nonresonantly excited PbSe QDs. The band gap probe (red) will only register the band gap bleach after carriers have cooled
to the band gap.
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The band gap bleach only develops when hot
carriers have cooled to the band gap. However, the
fast rise of the PA suggests that hot carriers also exhibit
PA (see Figure 3b). To corroborate this, we measured
the TA of very small PbS QDs (2.45 nm), for which the
pump is resonant with the band gap transition (see
Figure 3b). In this case, no fast initial decay component
is observed, which corroborates the assumption that
hot electrons and holes also show PA.

DISCUSSION

The wavelength-independent PA we observe in
these near-infrared QDs could have different origins,
such as (1) Coulomb shifts in the multiexcitonic ab-
sorption spectrum,?® 3% (2) absorption from surface-
localized states or defects,"***™3” or (3) intraband
absorption.5*">*® Coulomb shifts can be excluded since
the PA is observed up to 2000 nm, well below the band
gap. Moreover, a Coulomb shift would result in a char-
acteristic antisymmetric TA spectrum,” not the broad-
band signal we observe here (see Figure S-3a).

Malko et al."? reported PA in absorption transients of
colloidal CdSe QDs. An extensive study revealed a
strong dependence on solvent and surface passivation,
along with a limited size dependence of the PA cross
section. This study indicates a strong influence of the
QD surface. Given the high cross section, Malko et al.
attributed the TA to transitions from dangling surface
bonds to excited states in the capping or surrounding
matrix, rather than intraband absorption. Since we
work with a considerably lower photon energy (0.5 to
0.8 eV vs 2.0to 2.5 eV), a transition to a final state in the
surrounding matrix is unlikely at these low energies.
Furthermore, since the dynamics and strength of the
PA of PbSe and PbSe/CdSe QDs are very similar, despite
having very distinct surface properties, this makes PA
from surface defects improbable. Moreover, the PA we
observe at long delay times saturates with increasing
pump power, similar to the bleach of the band gap
absorption. This shows that the initial state of the PA
after carrier cooling is in fact the band gap exciton. That
QD core states are involved, instead of surface states, is
further confirmed by the Auger dynamics of the PA
signal. We therefore conclude that the PA observed
here finds its origin in intraband absorption. This is in
line with a recent study of photocharging®*° of PbSe
QDs, where pumping with 1.5 eV photons did not
result in significant photocharging. On the basis of
the interpretation of the PA as intraband absorption,
we attribute the quick rise time to intraband transitions
from higher energy excited states (see Figure 3a). The
correspondence between the time constant of the
initial decay (see Table 2) we measure and literature
values for intraband carrier cooling®**' corroborates
this interpretation.

Intraband absorption is forbidden in first order
for bulk semiconductors. In order to conserve the
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Figure 4. (a) Absorption cross section in the presence of an
exciton for PbSe QDs (4.5 nm) as calculated by tight-binding
calculations (red trace) agrees well qualitatively with the
values measured using TA spectroscopy (black circles). (b)
Density of states for PbSe QDs (4.5 nm) as calculated by
tight-binding calculations illustrates the transitions that
give the strongest contribution to the absorption cross
section in the presence of an exciton for energies below
the band gap (solid line arrow) and at the band gap (dashed
line arrow). The same symbolism is used in (a).

crystal momentum, phonon absorption or emission is
needed. The process is commonly called free carrier
absorption (FCA) and is well described by a Drude
model. In the case of a particle in an infinite spherical
potential well, only transitions with orbital angular
momentum Al = £1 are allowed. Here, we find that
both the conservation of crystal momentum and orbit-
al angular momentum are relaxed in Pb chalcogenide
QDs, resulting in a nonzero probability for intraband
absorption. This confirms that in quantum dots the
deviations from the ideal infinite spherical potential
well cause the electronic states to be superpositions of
states with different crystal momentum and orbital
angular momentum.'®

Tight-Binding Calculation. Tight-binding calculations®®
on 4.5 nm PbSe QDs support our observations. We
simulate the spectrum of the absorption cross section
without and with an exciton in the HOMO—LUMO. Our
simulations substantiate earlier atomistic pseudopo-
tential calculations*? of the AB at the band gap and
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Figure 5. Absorption cross section in the presence of an
exciton for PbSe QDs (black,d=4.5nm, E;=0.89eV;red,d =
3.0 nm, E5 = 1.3 eV; orange, d=2.0nm, Eg =192 eV) as
calculated by tight-binding calculations, taking no local
field factor into account, shows size-dependent intraband
absorption that cannot be explained by a simple Drude
model (~4?). The cross section dominated by intraband
transitions is marked with a solid line, whereas the cross
section dominated by interband transitions is marked by a
dashed line. For comparison with materials which operate
in the same wavelength range, the absorption cross section
for FCA in bulk silicon®® (blue stripes) and silicon nanocryst-
als*” (brown dots) is shown.

intraband absorption between the 1S and 1P state'®
(see Figure S-4a). Moreover, they predict previously
unreported nonzero oscillator strength for intraband
transitions between the HOMO—LUMO and higher en-
ergy states, in the energy range between the 15-to-1P
and the band gap transition (see Figure 4b). Our experi-
mental data qualitatively agree with the tight-binding
results, taking the local field factor (|f,¢|* = 0.059)%2*% in
C,(l, into account (see Figure 4a). Uncertainty of the
local field factor or excitonic effects which are missing
in the calculations could explain the difference be-
tween theory and experiment. The final states of the
intraband transitions probed in this work are quasi-
continuum states, as illustrated in the density of states
diagram in Figure 4b, with a mixed 1F and 2P character.
Electron and hole transitions contribute equally to the
cross section (see Figure S-4b). This is in line with the
similar bulk effective masses but contradicts the pre-
diction of a denser hole manifold.'® Tight-binding
calculations also predict a higher intraband absorption
cross section for carriers in the higher energy P state
(see Figure S-5). This confirms our interpretation of the
quick rise time and fast initial decay (see Figure 3a—c
and Table 2) as intraband absorption from carriers
cooling to the band gap. Similar cross sections are
found for intraband transitions directly below the band
gap for 4.5 nm wurtzite CdSe QDs (see Figure S-6b).
However, the predicted ratio between AB and PA, due
in part to the lower degeneracy of HOMO—LUMO in CdSe,
is much higher (~400), making it harder to distinguish the
PA in a TA experiment. Moreover, the reported cross
sections for PA in CdSe are much higher than the
theoretical values predicted by tight-binding calculations.

DE GEYTER ET AL.

This highlights the clear difference between the PA in
CdSe as reported in the literature, which can be
attributed to nanocrystal charging and the PA in PbSe
reported here, which is due to intraband transitions.

Benchmarking with Silicon. FCA and FCR (free carrier
refraction) in silicon have been studied extensively for
applications in ultrafast signal processing at telecom
Wavelengths.44 In bulk silicon, FCA is well understood
and its cross section has a 4> dependence in line with
the predictions of the Drude model.**** Silicon nanocryst-
als (NCs, d = 5 nm) in silicon-rich oxide, which operate in
the same wavelength range, were shown to have an order
of magnitude higher cross sections for FCA, both in the
visible*® and in the near-infrared* region, yet with a similar
1? dependence. The result was explained by considering
that the mean free path of the carriers was limited to the
QD size, increasing the scattering cross section.

In Figure 5, we compare the FCA cross section of
bulk Si and Si NCs with the calculated spectrum of the
absorption cross section of excited PbSe QDs of three
different sizes. Since a typical application will require a
densely packed layer of QDs, we do not take the local
field factor into account (|fLF|2 = 1). Depending on the
QD diameter, the intraband absorption cross section is
1—2 orders of magnitude larger than in bulk Si. Around
1550 nm, an important telecom wavelength, the cross
section is comparable to the Si NC cross section. As the
origin of the absorption is a direct intraband absorp-
tion, without interaction of phonons, the wavelength
dependence differs from a Drude model and strongly
depends on the QD diameter.

As highlighted by Kekatpure and Brongersma,*® the
higher FCA cross section has important implications for
gain at telecom wavelengths using Si NCs in erbium-
doped silica. For the erbium gain to exceed the FCA
loss, FCA cannot be larger than 107'® cm?. A similar
upper limit to the photoinduced loss of QDs doped
with erbium exists, making gain in hybrid erbium—QD
systems impossible. The use of QDs directly for gain
will be affected, as well. Assuming a similar ratio
between the gain cross section and the intraband
absorption cross section at the band gap as the ratio
Opgex/Opaex = 10 we observed experimentally, the
theoretical threshold for gain would increase by about
11% to Nep = 4.45. Similarly, the maximum gain value
will decrease by 20% (see Supporting Information).
Note that in colloidal QDs the rate of multiexciton
decay (a necessary condition to obtain population
inversion) is dominated by the nonradiative Auger
recombination rate, which is 4—6 orders of magnitude
larger than the spontaneous emission recombination
rate.*® Therefore, a high QD density and large total
number of QDs coupled to the laser cavity will be
required for the stimulated emission rate to overcome
the nonradiative recombination rate.** In turn, this
requires very high pump fluences, essentially making
CW lasing impossible. Moreover, in the case of
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nonresonant excitation, the Auger recombination rate
for Nop, = 4 approaches the rate of carrier cooling to the
band gap. This inhibits gain altogether, as the condi-
tion of population inversion is never reached.
Intraband Absorption for Integrated Optical Modulators.
The intraband absorption observed in lead salt colloi-
dal QDs can be beneficial for other applications. Silicon-
based electro-optical modulators typically do not
use FCA since the effect is too weak to make small
modulators with easily achievable doping levels. Mod-
ulators are then based on free carrier refraction (FCR),
where a trade-off is made between an optimized
modulation depth and minimal insertion loss because
of FCA. Moreover, the phase shift that FCR induces
requires these type of modulators to have an interfero-
metric design, which limits the spectral bandwidth at
which they can be used. The intraband absorption of
lead salt colloidal QDs is a first step toward a zero-
insertion loss optical modulator. The small size, to-
gether with the high intraband absorption cross sec-
tion, makes high absorption coefficients on the order
of a few 100 to 1000 cm™' easily achievable with
doping or electrical injection.*® Modulators with foot-
prints between 10 and 100 um, an order of magnitude
smaller than current interferometric designs, are there-
fore possible. Moreover, the extremely large absorp-
tion cross section at and above the band gap (see
Figure 4a), together with the tunability of band gap
with size, makes optical excitation of the intraband
absorption, as demonstrated here, very easy. It opens the
way for all optical signal processing using lead salt QDs.

METHODS

Materials. Technical oleic acid (90%) was purchased from
Sigma-Aldrich. PbCl, (99.999%), PbO (99.999%), and selenium
powder (—200 mesh, 99.999%) were ordered from Alfa-Aesar.
CdO (99.999%) and tri-n-octylphosphine (97%) were obtained
from Strem Chemicals. Diphenyl ether, methanol, butanol, and
toluene were all of quality “for synthesis” and were ordered
from VWR.

PhSe Synthesis. Monodisperse colloidal PbSe QDs were syn-
thesized by a high-temperature synthesis developed by Murray
et al>3 The ligand shell consists of oleic acid (OA), as shown by
nuclear magnetic resonance spectroscopy.>

PbSe/CdSe Cation Exchange. PbSe/CdSe core—shell QDs were
synthesized starting from PbSe core QDs by means of a cation
exchange reaction.”” In this reaction, Cd-oleate (0.3 M stock
solution) is added to a PbSe QD suspension in toluene at 100 °C
(the typical Pb/Cd ratio used is 1:10). After 40 min, the reaction is
quenched using a mixture of MeOH and BuOH (1:2) and
precipitated twice.

Femtosecond Transient Absorption Spectroscopy. The QDs were
dispersed in tetrachloroethylene for the measurements. The
sample is carefully kept free from oxygen and water contam-
ination, both during its preparation and during the measure-
ment. Time- and energy-resolved transient absorption spec-
troscopy was performed using a commercial Ti:S laser system
(Mira- Legend USP, Coherent Inc.) and optical parametric
amplification for both the pump (Topas-800-fs, Coherent Inc.)
and probe beams (Opera, Coherent Inc.). Pump and probe
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CONCLUSION

In conclusion, we have shown that intraband ab-
sorption in the telecom wavelength range is universal
to lead chalcogenide QDs. The absorption is strong,
only 10 times weaker than the band gap absorption
bleach. The intraband absorption is broadband and
nearly constant over a large wavelength range. This
range can be tuned easily by changing the QD size. The
intraband absorption has ultrafast dynamics in the
one to tens of picoseconds range, governed by carrier
cooling and Auger recombination. Tight-binding mod-
eling of the absorption cross section of excited QDs
confirms our experimental observation of intraband
absorption in this wavelength range.

Our work is essential to understand the response
of QDs as gain media and ultrafast nonlinear media
for photonic applications. Moreover, our measure-
ments are a clear manifestation that the selec-
tion rules for the bulk crystal momentum and for
the angular momentum in spherically confined
structures as mentioned above are relaxed in QDs
and are therefore very interesting from a theoreti-
cal standpoint. They go beyond inter-sub-band ab-
sorption® " and cover a new wavelength range
directly below the band gap. Intraband absorption
offers a nice way to study the dynamics of carrier
cooling® ™ and multiple exciton generation®'*2in a
direct way, free from possible Coulomb shifts or
redistribution over dark and bright band gap states,
which complicate typical TA measurements at the
band gap.

beams overlapped under a small angle (3°) in a cuvette of
10 mm path length and were imaged onto InGaAs pin photo-
diodes (Hamamatsu G5853-23, G8605-23). The polarization of
the pump and probe was made orthogonal so that pulses of
similar photon energy could be separated with polarization
filters. The experimental setup permits variation in the delay
time between the pump and probe pulses in a temporal
window extending to 1 ns. The measured fractional transmis-
sion signals, called transient absorption (TA) in the following,
may be written as TA = (T, — Tof)/Tosr, Where T, denotes the
probe transmission with pump on and T the probe transmis-
sion with pump off. With this definition, bleach and emission
yield positive TA signals while an increase in absorption yields
negative TA signals.

Tight-Binding Calculation. The single-electron states and ener-
gies of PbSe QDs are calculated using the sp*d®s* tight-binding
model of Allan and Delerue®® confinement including spin—orbit
coupling. Since many states are needed to calculate the optical
spectra, the matrix of the tight-binding Hamiltonian is fully
diagonalized even for diameters up to 4.5 nm (~1600 atoms).
For more information, refer to the Supporting Information.
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