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ABSTRACT: Photothermal Heterodyne Detection is used to record the first room temperature 

absorption spectra of single CdSe/ZnS semiconductor nanocrystals. These spectra are recorded in the 

high cw excitation regime and the observed bands are assigned to transitions involving biexciton and 

trion states. Comparison with the single nanocrystals photoluminescence spectra leads to the 

measurement of spectral Stokes shifts free from ensemble averaging.  
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Core shell CdSe/ZnS semiconductor nanocrystals exhibit unique size-dependent optical properties1 

which make them ideal candidates for applications in various fields such as the design of new optical 

devices1-3 or bio-labeling4. For full exploitation, understanding of their optical properties is however 

crucial. Ensemble photoluminescence and linear absorption measurements provided a comprehensive 

description of the excitonic levels structure of CdSe/ZnS nanocrystals5 and allowed for a precise 

assignment of the optical transitions6. Individual nanocrystals are now commonly detected using 

standard fluorescence microscopes with low excitation intensities due to the high radiative quantum 

yield of their band edge exciton state X (1Se, 1Sh,3/2)  (see reference 6 for spectroscopic notations). Their 

luminescence displays a blinking7 behavior with intensity dependent on-times distributions and strong  

photon anti-bunching 8, 9. 

CdSe/ZnS nanocrystals have relatively high absorption cross-sections8, 10 (typically 21510~ cm− ) and 

when excited with sufficiently high intensities, excitons are created at average rates Nabs significantly 

higher than their radiative recombination rates Γrad
8, 11. In this regime, efficient non-radiative Auger 

recombinations of the prepared multiexcitons take place12. In CdSe/ZnS nanocrystals, these 

recombinations occur in the picoseconds range as measured in time resolved experiments on ensemble 

samples13. Individual nanocrystals could thus be detected through their absorption using the 

Photothermal Heterodyne method14. 

Although recording the luminescence spectra from single nanocrystals has become routine, a 

measurement of the absorption spectra of individual nanocrystals has however never been reported due 

to a lack of sensitive enough methods. In this letter, we present the first room temperature photothermal 

absorption spectra of individual nanocrystals. 

In the photothermal techniques14, 15 the signal is proportional to the amount of laser power absorbed 

by a single nanoparticle converted into heat by non-radiative relaxation processes. This allowed to 

detect individual tiny metal nanoparticles and to perform spectroscopy of their Plasmon resonance16. For 

nanocrystals the signal has its origin from two possible non-radiative relaxation pathways. First, at the 
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high cw excitation rates required in the photothermal method (typically 11~ −nsNabs ),  biexcitons are 

created in the nanocrystal and the (1Se, 1Sh,3/2) (1Se, 1Sh,3/2) biexciton state (XX) is prepared. A rapid 

recombination of one of the two excitons through Auger processes occurs ( 120 −>Γ nsXX  for 2nm 

nanocrystals13) and is followed by a non radiative relaxation of the remaining exciton to the band-edge 

state X. Since Nabs is much higher than Γrad ( 1201 −ns~ ), multiexciton creation efficiently prevents 

radiative recombination of the monoexcitons. Thus, the first contribution to the signal arises from 

continuous cycling of the nanocrystal between the band-edge X and biexciton XX states (see Fig. 1). 

The second mechanisms contributing to the signal come into play when the nanocrystal is in a charged 

state. It is known that continuous excitation of a CdSe nanocrystal can lead to a spontaneous or Auger 

type ejection of charges to the shell or to the local environment of the nanocrystal7, 17, 18. In this case, 

absorption leads to the formation of trions and the photothermal signal arises from fast Auger non-

radiative recombination of X* state to the ground charge state 0* ( 1
* 20 −Γ nsX ~ )19. In addition, with our 

experimental parameters, the probability to prepare triexcitons from XX or charged biexcitons from X* 

is very low ( *, XXXabsN ΓΓ<< ).  

The absorption spectroscopy setup (Fig. 2) using Photothermal Heterodyne signals was described 

elsewhere16. In short, it consists in a heating beam (tunable cw dye laser, Coherent 599, tuning range 

530–590 nm corresponding to photon energies of 2.10-2.34 eV) overlaid with a probe beam (HeNe 

laser, 633nm wavelength , well below the band-edge absorption of the nanocrystals). The heating beam 

is circularly polarized with an intensity of 21~ cmMW  corresponding to absorption rates of 

11~ −nsNabs . Both beams are focused on the sample using a high NA objective. A fluorescence 

confocal microscopy scheme is also implemented on this setup. It is used to image individual 

luminescent nanocrystals and to record their luminescence spectra. For these measurements, the heating 

laser is used for the excitation with an attenuated intensity ( 21~ cmkW ) and a fixed energy (2.30 eV). 

The collected luminescence photons are split towards an avalanche photodiode and a spectrometer. The 
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samples were prepared by spin-coating dilute solutions of nanocrystals (average radius: nm0.2 , peak 

emission at eV10.2~ , dissolved in 1% mass polyvinyl-alcohol aqueous solution) onto clean 

microscope coverslips. The dilution and spinning rates were chosen such that the final density of 

nanoparticles in the samples is less than 21 −µm . A drop of viscous silicon oil was added on top of the 

samples to ensure homogeneity of heat diffusion. 

Individual fluorescent nanocrystals were first located by recording a 22020 µm×  fluorescence image 

of the sample (Fig.3 (a)). For each spot, a luminescence time trace and an emission spectrum were 

recorded simultaneously. The blinking behavior, a signature of single nanocrystal emission, is clearly 

visible in the time trace shown on Fig.3 (c). We then recorded a photothermal image of the same sample 

area (Fig.3 (b)). Cleary the luminescence and photothermal images correlate well ( %80>  of the 

luminescence spots correlate with a photothermal spot), proving that the spots in the photothermal 

image stem from individual nanocrystals. Contrary to luminescence, the photothermal signals do not 

show any blinking behavior (Fig.3 (d)). They remain stable during time scales larger than those 

necessary to record an absorption spectrum.  

As expected, we observe a large heterogeneity of luminescence spots heights due to diversity in 

nanocrystals structures, surface states and orientations with the respect to the polarization of the 

excitation light. As can be seen on Fig.3 (b) the photothermal signal levels recorded from individual 

nanocrystals are also heterogeneous. However, we cannot establish a clear correlation between the 

heterogeneities of the luminescence and photothermal signal levels. We also notice that some non-

luminescent nanocrystals (which do not appear in Fig.3 (a)) are observed on the photothermal image. 

Furthermore, the photothermal signal scales linearly with the heating intensity (Fig.3 (e)) as the 

transitions involved in the signal are not saturated ( *, XXXabsN ΓΓ<< ).  

 We acquired the photothermal absorption spectra for the nanocrystals which colocalize in the 

luminescence and photothermal images. Figure 4 (top) presents the results obtained from the individual 

nanocrystal highlighted on Figure 3. For the absorption spectrum, the laser frequency was scanned with 
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steps of 4 meV and ms200  integration times per point. The signals are corrected for the wavelength 

dependence of the diffraction-limited laser spot size and the heating power at the sample was measured 

during the acquisitions for normalization.  

Contrary to the ensemble luminescence spectrum, which has an inhomogeneously broadened 

Gaussian shape (open circles of Fig. 4 (bottom) with peak energy at eV100.2  and full-width-at-half-

maximum (FWHM) of meV100 ), the luminescence spectrum displays a narrower homogeneous 

Lorentzian shape peaked at eV120.2  and a FWHM of meV65 (open circles on Fig. 4 (top)). The 

absorption spectrum of the same nanocrystal (measured with the photothermal method) and that of an 

ensemble of nanocrystals (measured with a spectrophotometer) are also shown on Fig. 4 (solid lines). 

Both of them contain a first absorption peak at respectively 2.160 eV and 2.170 eV, blue shifted from the 

emission lines. Similarly to the emission spectrum, the width of the single nanocrystal absorption peak 

is narrower than that of the ensemble. The two peaks of the ensemble absorption spectrum, recorded in 

the weak excitation regime, are assigned to the band-edge X state and to the higher energy (1Se, 2Sh,3/2) 

state6, 20 (Fig. 4 (bottom, solid line)). The non-resonant Stokes shift ΔES is defined as the energy 

difference between the first absorption peak and the luminescence maximum energy. We found ΔES ~ 

70 meV in agreement with previous ensemble studies21, 

The photothermal absorption spectrum presented on Fig . 4(top, solid line) exhibits one clear band and 

a rising feature at higher energies which is not fully scanned due to insufficient laser tuning range. We 

assign the low energy band to the two unresolved XXX → and *X*0 →  transitions. Indeed, Coulomb 

interactions induce comparable red-shifts of the transitions22 with respect to EX, the energy of the 

X0 →  transition (see Fig. 1). The rising feature in the spectrum may involve XXX ′→  and *X0 ′→  

transitions where X′  denotes a high energy exciton states (such as (1Se, 2Sh,3/2) or (1Pe, 1Ph,3/2)). 

We performed the same measurements for 23 individual nanocrystals and observed qualitatively 

comparable spectra. For each of them, we extracted the energy separation ΔE between the position of 

the low energy absorption band and the luminescence peak. The histogram of the values of ΔE is shown 
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on Fig.4 (inset). It is well fitted by a Gaussian distribution with a FWHM of meV12  and a mean value 

of ~50 meV smaller by ~20 meV than ΔES. This deviation is in agreement with the values of biexciton 

and trion binding energies deduced from femtosecond photoluminescence up-conversion23, transient 

photoluminescence24 studies (~20-30 meV for  2nm nanocrystal) as well as from the emission properties 

of single colloidal nanocrystals25 or self-assembled quantum dots22 in charged states. 

In conclusion we have demonstrated the applicability of the Photothermal Heterodyne method to 

room temperature detection and absorption spectroscopy of individual CdSe/ZnS semiconductor 

nanocrystals in the multi-excitonic regime. We foresee promising spectroscopic studies of nanocrystals 

using this method with samples at cryogenic temperatures.  
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FIGURE CAPTIONS  

Figure 1. Energy diagram of the excitonic states involved in the photothermal signal from nanocrystals 

in the neutral and charged state. For notations see details in the text. 

Figure 2. Schematic of the experimental setup. 

Figure 3. (a) Comparison of photoluminescence (b) and Photothermal Heterodyne images of the same 

area 2µm2020× of a sample containing CdSe/ZnS nanocrystals. The integration time per point was 10 

ms. Scale bar is µm2 . Photoluminescence (c) and photothermal (d) signals recorded over time for the 

individual nanocrystal highlighted on (a) and (b). The integration time per point was 100 ms. (e) 

Photothermal signal obtained from an individual nanocrystal (circles) as a function of the heating 

intensity. The heating photon energy was eV30.2 . The data are adjusted by a linear fit (solid line). 

Figure 4. Top: Photoluminescence (open circles) and photothermal absorption (solid lines) spectra 

recorded for the individual nanocrystal highlighted in Fig. 3. For clarity a smoothing of the absorption 

spectra is shown. Bottom: Photoluminescence (open circles) and linear absorption spectra (solid line) of 

an ensemble of nanocrystals. Inset: Histogram of the values of ΔE obtained from photoluminescence 

and photothermal absorption spectra of 23 individual nanocrystals. The distribution is fitted by a 

Gaussian curve (black line). 
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