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We demonstrate coherent multiphoton imaging of PbS colloidal quantum dots based on the detection of their

transient resonant four-wave-mixing �FWM� emission under 150 fs pulsed laser excitation. Background-free

imaging of PbS quantum dots in resonance with their ground-state excitonic absorption at 1.2 �m wavelength

is shown, with intrinsic optical sectioning and a spatial resolution better than the one-photon diffraction limit,

promising for deep tissue microscopy. The four-wave-mixing efficiency is found to be resonant to the ground-

state absorption maximum, which is a prerequisite for spectral multiplexing. The measured FWM dynamics is

consistent with the presence of charged exciton and biexiton Auger recombination in the 10–100 ps time scale,

phonon-assisted exciton thermalization in the nanosecond time scale, and excitonic recombination in the

microsecond time scale.

DOI: 10.1103/PhysRevB.82.155302 PACS number�s�: 78.67.Bf, 78.47.nj, 78.47.J�

I. INTRODUCTION

Semiconductor quantum dots have been widely investi-
gated in recent years due to the possibility of tailoring their
atomlike electronic energy levels by changing their size,
composition, and shape, with exciting perspectives in
photonics,1 optoelectronics,2 and for biological applications.3

In particular, in the area of biolabeling and fluorescence mi-
croscopy, colloidal quantum dots �CQDs� were shown to ex-

hibit superior photostability4 and a larger multiphoton ab-

sorption cross section5 than organic fluorophores.

Lead chalcogenide CQDs �PbX with X=S or Se� have a

fundamental exciton absorption peak which can be wave-

length tuned from �700 nm to 3 �m.6–10 The near-infrared

wavelength window is desirable for imaging thick samples

since infrared wavelength undergoes less Rayleigh scattering

than visible light. Moreover, biological specimens have their

weakest absorption in the 0.7–1.3 �m wavelength range,

the near-infrared window in biological tissue. However, fluo-

rescence imaging at wavelengths above 1 �m is limited by

the high noise level of available detectors.

We recently demonstrated that, beyond fluorescence,

CdSe/ZnS CQDs can be used for multiphoton microscopy by

exploiting their third-order optical nonlinearity, resulting in

four-wave mixing �FWM�, when excited in resonance with

their fundamental excitonic transition.11,12 We showed that

FWM imaging has intrinsic optical sectioning capabilities

and that its spatial resolution supersedes the one-photon dif-

fraction limit, owing to the nonlinearity of the signal. Impor-

tantly, FWM detection is performed interferometrically in a

heterodyne scheme, which due to the large heterodyne gain

provided by the reference field overcomes the problem of

detector noise and can be shot-noise limited. FWM imaging

is therefore ideally suited to perform multiphoton micros-

copy in the near infrared with PbS CQDs. The recently de-

veloped stimulated emission microscopy13 uses a similar

transmission modulation to image nonfluorescent chro-

mophores.

Beyond imaging applications, PbX CQDs are also inter-

esting from a fundamental physics point of view since the

effective masses of electrons and holes are very similar and
relatively small. The exciton Bohr radius is thus rather large
�46 nm for PbSe and 18 nm for PbS� compared to the typical
CQD sizes, and PbX CQDs can be considered as a model
system for CQDs with strong confinement. Their band struc-
ture is different from the commonly investigated CdSe or
InAs systems. Both the maximum of the valence band and
the minimum of the conduction band are at the L points of
the Brillouin zone. Therefore, the ground-state exciton is 64-
fold degenerate, compared to the eightfold degeneracy of
excitons in CdSe CQDs with a direct band gap at the �
point.14

Owing to the strong quantum confinement, significant
carrier-carrier Coulomb interaction and, in particular,
Auger recombination is expected in PbX CQDs. Strong
carrier-carrier scattering can also result in the generation of
multiexcitons by a single high-energy photon, an effect
known as carrier multiplication �CM� or multiexciton gen-
eration, which can be understood as the reverse of Auger
recombination.15,16 CM in PbX CQDs has generated much
interested for its potential application in solar-energy conver-
sion and photovoltaics devices but has been controversially
discussed in the literature. After earlier reports of quantum

efficiencies up to 700%,15,17,18 recent measurements showed

that no enhancement of the CM efficiency is observed in

CQDs relatively to the bulk value.16,19,20 This discrepancy

has been attributed16 to photoinduced charging of the CQDs

giving rise to fast recombination dynamics similar to that of

multiexcitons after CM.

With the focus on measuring carrier multiplica-

tion15–18,21–23 and Auger recombination,24–27 many recent ex-

periments on carrier dynamics in PbX CQDs have been

based on resolving the transient absorption bleaching of the

excitonic ground-state transition after pulsed excitation at

high photon energies. From these nonresonant pump-probe

experiments, it is however difficult to extract the dynamics

of the ground-state exciton only since many pathways come

into play over similar time scales including carrier relax-

ation, photoionization, Auger recombination, and exciton re-

distribution between different energy states.
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Transient degenerate FWM in a three-beam geometry is a

known method to directly measure the excitonic population

dynamics with pump and probe pulses both resonant to the

same transition, as also recently demonstrated by us on InAs/

GaAs quantum dots.28 In the present work, we demonstrate

near-infrared FWM imaging with PbS CQDs using a three-

beam geometry, exploiting both the intensity and the lifetime

of the FWM signal, and we use FWM to directly measure the

ground-state exciton dynamics in a resonant pump-probe

scheme.

II. SAMPLES AND EXPERIMENTS

A. CQD synthesis and sample preparation

The PbS CQD synthesis is based on the procedure of

Cademartiri et al.,9 and is described in detail in Ref. 29. The

synthesis and subsequent ligand exchange yields oleic acid

capped PbS CQDs, suspended in toluene. Their size and con-

centration in suspension are determined from the CQD ab-

sorbance spectrum, using a known sizing curve and molar

extinction coefficient.29 PbS/CdS CQDs are synthesized by a

cation exchange reaction.30 The synthesis is similar to the

procedure described previously to prepare PbSe/CdSe and

PbTe/CdTe CQDs.31 For the FWM experiments, we used

4.4 nm PbS CQDs �fundamental exciton energy of E0

=0.99 eV, equivalent to a first absorption peak at a wave-

length of �=1.25 �m�. The effect of a CdS shell on the

carrier dynamics was investigated by comparing core-only

4.6 nm PbS CQDs �E0=0.96 eV, �=1.29 �m� and 4.8 nm

PbS/CdS core/shell CQDs with a shell thickness of 0.45 nm

�E0=0.94 eV, �=1.32 �m�. A small amount of CQDs is

mixed with a solution of 10 mol % polystyrene in toluene,

resulting in a 20 �M suspension. This is spin coated on a

0.17-mm-thick glass coverslip at a speed of 1000 rpm. A

transmittance spectrum of the resulting thin film shows a

distinct interference pattern, similar to results published

recently,32 suggesting macroscopic homogeneity of the dis-

persed PbS CQDs and a uniform film thickness of �2 �m

�when assuming a polystyrene refractive index of 1.6�.

B. FWM generation

A schematic of the experimental setup used is shown in

Fig. 1. Fourier-limited laser pulses of 150 fs duration

��17 nm spectral width� and tunable central wavelength at

76 MHz repetition rate are provided by an optical parametric

oscillator pumped by a Ti:Sapphire laser. The pulse train is

divided into four beams called reference, P1, P2, and P3. The

optical frequencies of pulses P1,2,3 are upshifted by acousto-

optic modulators driven at different radio frequencies. The

delay time ��12� between the pulses P1 and P2 and between

the pulses P2 and P3 ��23� can be controlled with �20 fs

temporal resolution using delay lines.

P1,2,3 are subsequently recombined into the same spatial

mode, and focused onto the sample by an oil-immersion mi-

croscope objective with 1.25 numerical aperture �80% trans-

mittance at 1.2 �m� to achieve high spatial resolution. The

sample can be moved with respect to the focal region of the

objectives by a xyz piezoelectric scanning unit with nano-

metric resolution �Physik Instrumente PI F-130�. The trans-

mitted fields of P1,2,3 and the nonlinear FWM field are col-

lected by a second microscope objective, and their

interference with the reference beam is detected by a pair of

balanced InGaAs photodiodes �Hamamatsu G8376-03� and a

lock-in amplifier �SRS 844�. The transmitted beams and the

emitted FWM signal can be distinguished by selecting the

proper beating frequency in our heterodyne detection

scheme, as discussed in detail in our previous works.33,34 A

cross-polarization scheme is used to reject background origi-

nating from nonlinearities of the photodiodes: the polariza-

tion states of P1,2 are adjusted by a combination of � /4 and

� /2 waveplates. P1,2 are cross polarized with respect to the
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FIG. 1. �Color online� �a� Sketch of the experimental setup. AOM: Acousto-optic modulator. � /2: wave plate. Pol: polarizer. xyz:

Piezoelectric scanning stage. BS: 50:50 beam splitter. MO: microscope objective. BPD: balanced photodiodes. �b� Molar extinction coeffi-

cient spectrum of the 4.4 nm PbS CQDs, measured in C2Cl4. Also shown are spectral profiles of the laser pulses centered at 1.25 or

1.05 �m.
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reference, to minimize interference in the photodiodes, while

the polarization of P3 is equal to the reference field to maxi-

mize the detected FWM signal. All the experiments are per-

formed at room temperature.

The FWM signal generation in this degenerate three-beam

experiment resonant to the excitonic transition in CQDs can

be sketched as follows. The field of the first pulse P1 in

resonance with an optical transition in the sample �see Fig.

1�b�� creates a coherent polarization. When the second reso-

nant pulse P2 delayed by �12 arrives before the loss of polar-

ization coherence �i.e., if �12 is shorter than the dephasing

time�, a density modulation �over the pulse repetitions� is

induced in the sample through the interference of the polar-

ization with the second pulse, which in turn modulates the

absorption, mainly due to phase-space filling nonlinearity.35

The measured FWM field is due to the modulation of the

transmitted P3 by the absorption modulation. Changing the

delay �23 between P2 and P3, the dynamics of the optically

induced modulated carrier density can be investigated.

Maximum FWM signal was found for pulses P1 and P2 in

time overlap ��12=0�, which shows that the dephasing time

of the exciton transition is shorter than the pulse width at this

temperature in agreement with previous calculations and

measurements.6,36 The third pulse instead was delayed by

�23=0.5 ps, i.e., just after completion of the carrier density

creation by P1,2. These settings were used in all the imaging

experiments, unless stated otherwise.

C. PSF calculation

The one-photon diffraction limit in the transversal direc-

tion is calculated using the full width at half maximum

�FWHM� of the intensity distribution �point-spread function

�PSF�� It= �2J1�v� /v�2, where J1 is the first-order Bessel

function and v=2�xNA /� with NA being the objective nu-

merical aperture and � the excitation wavelength. The

one-photon diffraction limit in the axial direction is calcu-

lated using the FWHM of the intensity distribution Ia

= �sin�u /4� / �u /4��2, where u=2�z�NA�2
/ ��n� �with n=1.51

refractive index of oil�. For the FWM process the point-

spread function is calculated as the fourth power of the one-

photon intensity distribution, and the resolution is taken as

the FWHM of the corresponding profile. This treatment of

the PSF is valid for a pointlike emitter of size much smaller

than the wavelength. For an extended object, the intensity

PSF is not well defined due to the coherent nature of the

signal, and the effective PSF can be up to a factor �2 wider.37

III. RESULTS AND DISCUSSION

A. Imaging

The imaging capabilities of resonant FWM microscopy

are shown in Fig. 2. A sample was prepared by dispersing 4.4

nm PbS CQDs �fundamental exciton energy of 0.99 eV,

equivalent to a first absorption peak at a wavelength of

1.25 �m� in a polymer film �see Sec. II A� and appeared

macroscopically homogeneous. The bright-field image of the

sample acquired with a 100� objective in visible light

showed the presence of CQD agglomerates with a typical

size of 0.5 �m �see Fig. 2�a��. These agglomerates were

imaged with FWM resonant at 1.25 �m, as shown in Fig.

2�b�, revealing the absence of background in this contrast

modality. The nonlinear nature of the FWM signal provides
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FIG. 2. �a� Bright-field image

of PbS CQDs dispersed in a

polystyrene film acquired with a

100� 1.3 NA oil-immersion mi-

croscope objective. �b�–�d� Reso-

nant FWM microscopy of the

sample. �b� FWM intensity as a

function of the transverse x ,y

position of the sample. �c� yz

scan of the FWM intensity at a

fixed x position indicated by the

dashed line in �b�, pixel size

0.2 �m. �d� High-resolution xy

scan �pixel size 0.1 �m�. The

white lines in panels �c� and

�d� represent intensity profiles

along the z and y direction, re-

spectively. The excitation wave-

length is 1.25 �m and the

time-averaged excitation intensity

in the focus is 5.5 kW /cm2

�24 �J /cm2 per pulse� created by

17 �W average power. Linear

grayscale. Time /pixel=30 ms.
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intrinsic optical sectioning and improved spatial resolution
beyond the one-photon diffraction limit. This is demon-
strated in Fig. 2�c� showing a yz scan of the FWM intensity
acquired along a fixed x position, as indicated by the dashed
line in Fig. 2�b�. The axial profile along a cluster has a
FWHM of 1.6 �m, which is smaller than the one-photon
diffraction limit of 2.2 �m calculated for this wavelength
and the numerical aperture of the microscope objective �see
Sec. II C�. Similarly for the transverse resolution, we ob-
served a cluster with a FWHM of 400 nm �see Fig. 2�d��,
below the one-photon diffraction limit of 510 nm. Note that
the measured FWHM represent upper limits of the resolution
since the size of the CQD agglomerates is not known. Theo-
retically, due to the third-order FWM nonlinearity and con-
focal detection, a spatial resolution of 260 nm and 1.1 �m is
expected in the transversal and axial direction, respectively
�see Sec. II C�. The improvement of a factor of 2 compared
to the one-photon diffraction limit can be understood ap-
proximating the one-photon point-spread function �PSF1p� by

a Gaussian. The point-spread function of a multiphoton sig-

nal �PSFnp� can be calculated as PSFnp= �PSF1p�n, where n is

the field power creating the signal. The FWHM of the nth

power of a Gaussian is reduced by a factor of 1 /�n. For the

detected FWM signal n=4, considering the three exciting

fields and the emitted field measured confocally, through the

interference with the mode-matched reference field.

In order to quantify the sensitivity limit of the technique,

we have studied the dependence of the FWM signal on the

excitation intensity. The FWM amplitude at low excitation

intensities is found to be proportional to the amplitudes of

the optical fields of each of the three pulses, as expected

from a third-order nonlinearity. As the excitation intensity

increases, a deviation from the third-order behavior is ob-

served, and eventually the signal saturates. In Fig. 3, the

dependence of the FWM amplitude on the intensity of P1 is

shown. For equal excitation intensities of the three fields

�triangles�, we observed a deviation from the third-order re-

gime �dashed line� for a total excitation intensity Itot= I1+ I2

+ I3 above 20 kW /cm2 �0.09 mJ /cm2 per pulse per beam�.
Keeping P3 at 30 kW /cm2 �0.39 mJ /cm2 per pulse� and

varying the intensities of P1 and P2 �squares�, the saturation

of the signal occurs at Itot�150 kW /cm2. Such intensities

are compatible with live cell imaging, as demonstrated in

viability studies of mammalian embryos imaged with two-

photon fluorescence microscopy.38 From the maximum emit-

ted FWM signal at saturation, we have estimated the sensi-

tivity limit of the technique. The number of quantum dots in

the focal volume ��105 CQDs� was inferred from the mea-

sured transmission and molar extinction coefficient �Fig.

1�b��. The FWM field amplitude is proportional to the num-

ber of dots in the focal volume, and we found that the detec-

tion shot noise is equal to the saturated FWM signal from

100 CQDs per �Hz detection bandwidth, corresponding to a

volume fraction of 10−6 or a concentration of 0.3 �M in the

focal volume. Fast acquisition with a dwell time of 0.1 ms

implies a hundred times higher detection limit.

The sensitivity limit for PbS CQDs is one order of mag-

nitude higher than what we obtained for CdSe/ZnS CQDs

�10 CQDs per �Hz� in our previous work.11,12 Different as-

pects have to be considered to understand this difference.

The first one is the exciton lifetime. From the integrated

extinction coefficient,29 the radiative lifetime in PbS CQDs is

64 times longer compared to CdSe/ZnS CQDs, consistent

with measured lifetimes of 1–2 �s in PbS CQDs �Refs. 39

and 40� and 10–20 ns in CdSe/ZnS CQDs.41,42 The laser

repetition period used in our experiments �13 ns� is thus

shorter than the radiative lifetime of PbS CQDs, and one

would expect that in this case the signal should be reduced

by the ratio between lifetime and repetition period due to

accumulation effects. However, as shown in the next section

we observe that the effect of carrier accumulation over the

repetition period in PbS CQDs gives a contribution to the

absorption bleaching of only 10%. This is attributed to a

reduction in the exciton lifetime due to Auger recombination

as discussed later. The lifetime effect can thus be neglected

for the sensitivity. The second aspect is the fourfold increase

in degeneracy in PbS compared to CdSe/ZnS, resulting in a

saturation for absorption of four photons compared to one in

CdSe/ZnS CQDs. Charging of the CQDs would reduce this

factor due to Pauli blocking of some of the transitions. The

third aspect is the ratio between the focus area and the ab-

sorption cross section per transition, giving the number of

photons n3 in the third pulse at saturation. The FWM field

per absorbed/emitted photon scales as 1 /�n3. The two times

larger wavelength for the PbS CQDs increases the focus area

by a factor of 4 while the absorption cross section per tran-

sition is �40 times smaller than in CdSe/ZnS CQDs. �We

measured an extinction coefficient at the fundamental ab-

sorption peak wavelengths of �9�105 M−1 cm−1 and

�8.4�104 M−1 cm−1 for CdSe/ZnS and PbS CQDs, respec-

tively, in general agreement with literature values.29,43–45�
Accordingly, the sensitivity limit is reduced by a factor of

�13. Altogether, the different components result in a 3–13
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times lower sensitivity for the PbS CQDs for a charging by

0–3 carriers, consistent with our measurement.

Besides detection sensitivity, issues to be considered for

the applicability of PbS CQDs in bioimaging are their bio-

compatibility and photostability. The presence of the oleic

acid capping in our samples prevents water solubility, but

water soluble PbS CQDs have been demonstrated using

ligand exchange,46 or apoferritin encapsulation which also

resulted in reduced cytotoxicity,47 and allowed for deep in

vivo tissue imaging based on luminescence from these

CQDs.48 While Peterson et al.6 reported poor luminescence

stability of PbS CQDs, we found no significant degradation

in our samples which were synthesized via a different

procedure.9,29 More specifically, suspensions of PbS CQDs

were stored for six weeks under ambient conditions and we

did not observe a blueshift of the CQD absorption peak,

which would indicate oxidation. Moving to PbS/CdS core/

shell structures is expected to further improve the CQD sta-

bility. In the FWM imaging, we did not observe any irrevers-

ible decrease in the signal even after hours of illumination at

excitation intensities up to 1 MW /cm2.

To investigate the resonant nature of the FWM to the

excitonic ground state absorption of the PbS CQDs, we have

measured its dependence on the excitation wavelength � in

the range 1.05–1.3 �m in the low excitation regime �Itot

�6 kW /cm2�. To remove the effect of changing excitation

power, detection efficiency, and focus size, we define the

FWM efficiency,

�FWM =
EFWM

�p1p2p3

, �1�

where EFWM is the measured FWM amplitude corrected for

the wavelength dependence of the detection efficiency, and

p1,2,3 are the excitation powers of the three excitation

beams.49 In this way, �FWM is given by the effective third-

order susceptibility of the QDs. The measured �FWM is

shown in Fig. 4 �dots� as a function of the excitation wave-

length, together with the spectrum of the molar extinction

coefficient of the sample �solid line�. The FWM efficiency

has its maximum for excitation resonant with the fundamen-

tal absorption peak, consistent with observations in CdSe/

ZnS CQDs �Ref. 11� and similar to the nonlinear refractive

index of PbSe CQDs measured with the Z-scan technique.50

For excitation close to the first excited state ���1.05 �m�,
a significant reduction is observed in the FWM efficiency

despite a similar extinction coefficient. A shorter dephasing

time and relaxation processes into the ground states are

the likely origins of the reduced FWM efficiency in the ex-

cited states. The resonant behavior is also present in the satu-

rated FWM amplitude at high excitation intensities Itot

�300 kW /cm2, shown also in Fig. 4. From the point of

view of microscopy applications, the resonant nature of the

measured FWM signal is allowing for multicolor FWM im-

aging where CQDs of different size/composition, and hence

different ground-state excitonic absorption resonance, can be

used to selectively tag different parts of a specimen.

Three-beam transient FWM gives access to the exciton

population dynamics, which is analyzed in the next section.

Combined with microscopy, this enables the acquisition of a

spatially resolved map of CQD carrier lifetime which could

be used to distinguish different CQDs or the influence of the

local environment �lifetime imaging�, and an example of

FWM lifetime imaging is shown in Fig. 5. The xy scan of

the FWM intensity �IFWM� acquired at �23=0.5 ps is

shown together with the quantity r=−�ln�IFWM��23+	� /

IFWM��23��� /	 which gives the average decay rate of the

FWM intensity over the time interval 	 starting at �23. Here
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we show data for 	=1 ns. A spatially resolved distribution

of decay rates is observed with a different pattern compared

to the intensity, showing that the lifetime can give an addi-

tional contrast channel. Future development of CQDs with

lifetimes depending on the chemical environment, such as

the pH value, can render this contrast technique useful, simi-

lar to fluorescence lifetime imaging modalities. In this re-

spect, charging-induced lifetime reduction could be a rel-

evant transduction mechanism.

B. Dynamics

Besides imaging applications, transient FWM in a three-

beam geometry is a known method to directly measure the

excitonic population dynamics with pump and probe pulses

resonant to the same transition, as also recently demonstrated

by us on InAs/GaAs quantum dots.28 These dynamics reflect

physical processes which are important, beyond fundamental

interest, for applications in, e.g., photovoltaics and

optoelectronics.15–18,21–27,51,52 In Fig. 6, the dependence of

the FWM amplitude on �23 is shown on 4.4 nm PbS CQDs

for two excitation wavelengths, either resonant with the ex-

citonic ground state �upper curves� or closer to the first ex-

cited state �lower curve�.
We found that to fit the FWM dynamics a minimum of

three different exponential decays plus an offset are needed

to result in a residual comparable to the noise. The offset is

due to the carrier accumulation over the pulse sequence from

lifetimes longer than the repetition rate of the pulsed laser.

We also found that good fits to the dynamics for all excita-

tion intensities can be obtained fixing the time constants �see

Fig. 6� and using only the amplitudes as fitting parameters.

The dependence of the resulting amplitudes on the total ex-

citation intensity �equal intensities on each beam� is shown

in Fig. 7.

We first discuss the dynamics for excitation in resonance

with the excitonic ground-state transition. The components

with 11 and 125 ps time constants have amplitudes which are

scaling slightly superlinearly with intensity while the 2.8 ns

component scales slightly sublinearly. We estimated the

number of photogenerated excitons per repetition from the

absorption cross section and the excitation fluence at con-

structive interference of P1 and P2. This number reaches

about unity for the maximum excitation intensity used �see

scale in Fig. 7�. The corresponding probabilities to create a

biexciton or a triexciton according to the Poisson distribution

of absorbed photons are given for comparison. Since all ob-

served amplitudes scale approximately linearly with the ex-

citation intensity �see dotted line in Fig. 7�, similar to the

total number of excited excitons, we do not have clear evi-

dence of biexciton or multiexciton Auger recombination of

carriers excited in a single repetition. However, we cannot

exclude processes due to accumulation of excitons or charges

with lifetimes longer than the pulse repetition rate. The re-

sulting charged exciton and biexciton processes could show a

close to linear dependence with the single pulse excitation

intensity. In the literature, nonresonant pump-probe experi-

ments show that charged exciton and biexciton Auger recom-

bination occur with time constants of 10–100 ps for CQDs

with size similar to the ones investigated here.16,53 Hence it is

likely that the processes with time constants in the range

10–100 ps observed in the FWM dynamics are due to Auger

recombination of charged excitons and biexcitons mediated

by carrier accumulation. The contribution associated to mul-

tiexcitonic recombination in absence of carrier accumulation

can be calculated from Poisson’s distribution. We find that

these processes should contribute to 30–40 % of the total

signal for 	Nex
=0.75. The measured weight of the 11 and

125 ps processes add to 60% of the total signal at this 	Nex
,
indicating that in the experiment there are additional contri-

butions due to carrier accumulation. However, the uncer-
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FIG. 6. �Color online� Top: dynamics of the FWM amplitude

versus �23 for two different excitation wavelengths as indicated. The
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sities �equal intensities on each beam� for �=1.2 �m are 2.6
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sent radiative �phonon-assisted� processes. The dashed line repre-
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tainty in the estimate of 	Nex
 and the lack of knowledge
about the carrier accumulation processes prevent a more
quantitative analysis.

Turning now to the nanosecond dynamics, we note that

Auger recombination processes on this time scale have not

been reported in literature. We observe that this dynamics

persists in our resonant FWM experiment even at very low

excitation intensities �Itot=0.1 kW /cm2� for which the 10–

100 ps processes are virtually absent. We also performed a

comparison between core-only PbS CQDs and core/shell

PbS/CdS CQDs of similar core size and 0.44 nm shell thick-

ness, which are expected to be more photostable and exhibit

less influence of surface defects owing to the presence of the

shell �see Fig. 8�. We found that the dynamics at low excita-

tion intensity is similar between the two samples, with the

nanosecond time constant being somewhat longer �2.7 ns

compared to 1.2 ns� and the constant term having a slightly

larger weight in the core/shell dots �73% compared to 67%�
while the 10–100 ps processes are weak with less than 5%.

This behavior further supports the attribution of the 10–100

ps processes to Auger recombination of charged excitons and

biexcitons while the nanosecond and longer lived contribu-

tions are more likely related to single exciton dynamics. The

constant term accounting for �70% of the total signal at low

intensity is expected from the long excitonic lifetime com-

pared to the repetition rate. We note that 0.1 kW /cm2 exci-

tation corresponds to only 0.36% population of the exciton

ground state per repetition, which results in �8% steady-

state population considering the 76 MHz repetition rate and

an exciton lifetime of �300 ns �as measured by us in the

core-only sample in a time-resolved photoluminescence ex-

periment at 500 kHz repetition rate�. Hence at this low exci-

tation, the probability of multiexciton occupation should be

negligible. A possible origin of the nanosecond component

could be exciton relaxation into trap states. However density-

functional calculations54 show the absence of trap states in

the CQD gap, which was confirmed experimentally in pho-

toluminescence measurements.55 Furthermore, the similar

dynamics of core-only and core-shell structures indicates that

there are no relevant surface trap states, as they are expected

to be suppressed by the shell. If relaxation through defect

states is ruled out, an intrinsic mechanism for the nanosec-

ond dynamics is phonon-assisted thermalization between the

set of eight S-like exciton ground states �see sketch of Fig.

6�. The different S-like ground states have different energies

and oscillator strength due to intervalley and interband cou-

pling and Coulomb and exchange interactions.14 Therefore,

after resonant excitation which populates states proportion-

ally to their oscillator strength, a thermalization between the

states results in a reduced absorption bleaching, as density is

transferred away from the large oscillator strength transi-

tions.

When varying the excitation wavelength, no significant

difference in the dynamics was observed from 1.3 to 1.1 �m

while an additional component of �1 ps time constant was

found at 1.05 �m, which is close to the first P-like excited-

state transition �see Fig. 1�b��. This component was scaling

linear with the excitation intensity, and can be attributed to

exciton thermalization from the P excited states to the S

ground states �see sketch in Fig. 6�, consistent with 1P-1S

relaxation rates reported in the literature.56

IV. CONCLUSION

We have demonstrated that PbS colloidal quantum dots

absorbing in the near infrared can be imaged with high spa-

tial resolution and intrinsic optical sectioning, using a coher-

ent multiphoton microscopy technique based on transient

resonant four-wave mixing. Since this detection is not based
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on fluorescence, it overcomes limitations associated with

fluorescence photobleaching or blinking and is not affected

by the high level of detector noise in the near infrared, hence

representing an alternative to two-photon fluorescence mi-

croscopy. We demonstrated the resonant behavior of the

four-wave-mixing nonlinearity, promising for multicolor im-

aging of quantum dots absorbing at different wavelengths.

The potential of lifetime imaging enabled by the time-

resolved detection of the carrier density was also shown. The

dynamics of the absorption recovery in resonance with the

excitonic ground state was interpreted in terms of charged

exciton and biexciton Auger recombination in the 10–100 ps

time scale, phonon-assisted thermalization between the dif-

ferent excitonic ground states in the nanosecond time scale,

and exciton recombination in the microsecond time scale.
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