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Additional Two-Photon Absorption Cross-Section Data Analysis 

To understand further the influence of the CdS shell on the two-photon absorption of 

CdSe/CdS heterostructures, we have analyzed the data from the CdSe/CdS with 2.0 nm 

core series considering only the samples with thin (thick) shells. The analysis indicates 

that the volume dependence becomes stronger for larger shells. This could be explained 

by the increased influence from the shell, as it is discussed in details in the main text.  

 

Figure S1. Two-photon absorption cross-section data for the CdSe/CdS samples with 2.0 nm core fitted in 

two different groups, the first 3 points and the last 3 points. The fittings suggest a higher volume dependence 

of the two-photon absorption cross-section for samples with thicker shells. 

 

Theoretical Modeling Methods 

Electron and hole states are calculated using single-band effective mass Hamiltonians as 

in Ref. 1 . For simplicity, we assume constant mass all over the structure. For electrons, 

we choose me=0.20m0, and for heavy holes mh=0.60m0, with m0 the mass of a free 

electron. These values closely correspond to those of CdSe -notice however that the 

electron mass is greater than that of bulk CdSe, me=0.13m0. This is to account for band 

non-parabolicity, which is relevant to the dimensions we study. 2 A bulk band gap of 1.75 

eV is taken for CdSe, 3 Conduction band offsets are 0.3 eV (CdSe/CdS) 4 and 0.72 eV 
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(CdSe/ZnCdS). 5 Subsequently, valence band offsets are 0.44 eV (CdSe/CdS) and 0.3 eV 

(CdSe/ZnCdS). In Eq.(1), ℎ𝜈 = 1.55 eV (~800 nm) and a qualitative envelope W2PA is 

obtained using a (phenomenological) bandwidth of 40 meV, which corresponds to the 

convolution of the excitation laser bandwidth and the thermal broadening bandwidth for 

a single nanoparticle. 

 

Figure S2. (a) Two-photon absorption spectra for different sizes of core-only CdSe QDs, the sharp peaks 

refer to the transitions and the curves refer to phenomenologically broaden transitions considering 40 meV 

and 75 meV bandwidth. (b) same as (a) but comparing different heterostructures with the same volume. (c) 

Comparison of the single transition oscillator strength and integrated oscillator strength for both bandwidth 

as a function of the CdSe QD radius. Note that changes in the simulation bandwidth do not alter the 

qualitative behavior. (d) Comparison of the integrated 2PA cross-section in the quasi-continuum region for 

all three types of structures with the same volume. The comparison considers the experimental data from 

Figure 2, and the theoretical model with different bandwidths. Note that the qualitative agreement between 

the experimental data and the model is independent of the bandwidth used in the model.  

In fact, the phenomenological bandwidth used in our simulations do not influence the 

qualitative behavior of the integrated magnitude of 𝜎2𝑃𝐴 in the quasi-continuum spectral 
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range. Figure S2 shows how the integrated 𝜎2𝑃𝐴 varies for different phenomenological 

bandwidths. For this comparison, we choose 40 meV, which is the homogeneous 

broadening at room temperature, and 75 meV, which is closer to the total broadening 

caused mostly by the inhomogeneous broadening of the samples. Note that, the qualitative 

behavior is the same for both situations.  

Further insight into the secondary role of wave function overlaps is provided by analyzing 

CdSe/ZnCdS quantum dots (QDs) in more detail. In these structures, one may naively 

expect that transitions involving states localized in the core and states delocalized over 

the entire QD, because of the small overlap, yield smaller oscillator strength than in core 

only CdSe QDs.  Figure 4d in the main text shows that this is not the case. To a large 

extent, this is explained by the behavior of intraband transitions. Figure S3 shows the 

wave function of the first electron states in a CdSe/ZnCdS QD with dimensions 2.0/2.0 

nm. As can be seen, the wave function delocalization into the shell is a gradual effect. 

Because the relevant intraband transitions involve Δ𝐿 = ±1, which are consecutive states 

(recall Figure 4a in the main text), there is no drastic change in the wave function overlap 

as compared to core-only QDs. The same holds for CdSe/CdS QDs. 

 

Figure S3. Lowest-lying electron wave functions in the CdSe/ZnCdS QD. The delocalization into the shell 

increases gradually. 
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Two-Photon Absorption Cross-Section Measurement Method 

All two-photon absorption measurements were performed using a Ti:sapphire 

femtosecond amplified laser system and an optical parametric amplifier, all operating at 

1 kHz and delivering pulses of about 100 fs (FWHM). The laser pulse width is measured 

by a home-built intensity autocorrelator by second harmonic generation. For all 

measurements, samples were suspended in toluene and kept in a 1-mm-thick 

spectroscopy-grade quartz cuvette. 

Multiphoton Absorption by Photoluminescence Saturation - MPAPS 

The two-photon absorption cross-section measurements were made with the Multiphoton 

Absorption by Photoluminescence Saturation (MPAPS) method. 6 For two photon 

absorption (2PA, in a first approximation, this method assumes that semiconductor 

nanocrystals (NCs) have fast Auger recombination, which effectively suppresses multi-

exciton emission. Consequently, NCs that absorb a pair or more of photons emit only one 

photon, and the integrated photoluminescence (PL) is given by 

𝑃𝐿 = 𝛾(𝑄𝑌𝑋)(1 − 𝑃(0))                                           (S.1) 

where 𝛾 is the collection/detection efficiency, 𝑄𝑌𝑋 is the emission quantum yield of the 

NC, and 𝑃(0) is the probability that a NC does not absorb any photons. By modeling the 

probability of a NC having N excitons with Poisson statistics given the average number 

of excitons per NC is 〈𝑁〉, we have 𝑃(𝑁) =
〈𝑁〉𝑁𝑒−〈𝑁〉

𝑁!
, and the PL becomes 

𝑃𝐿 =  𝛾(𝑄𝑌𝑋)(1 − 𝑒−〈𝑁〉)                                         (S.2) 

For quasi-type-II nanocrystals, Auger recombination can be slow, increasing the 

biexciton contribution to the PL. The fitting procedure accounts for contributions from 
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biexcitons. 6 It is also possible to take into account the emission of biexciton species in 

the case of NCs with reduced Auger recombination rate by fitting the PL saturation using  

𝑃𝐿 = 𝛾 ((1 − 𝑒−⟨𝑁⟩) (1 +
𝑄𝑌𝑋𝑋

𝑄𝑌𝑋
) −

𝑄𝑌𝑋𝑋

𝑄𝑌𝑋
(〈𝑁〉𝑒−〈𝑁〉))                (S.3) 

where 𝑄𝑌𝑋𝑋 is the biexciton emission quantum yield.  

The average number of excitons per NC can be calculated by  

〈𝑁〉 =
〈𝑛〉

2
=

𝜎2

2√2𝜋

〈Φ〉2

T
                                      (S.4) 

where 〈𝑛〉 is the average number of absorbed photons, 𝜎2 is the 2PA cross-section, 〈Φ〉 is 

the photon flux, and T is the excitation pulse-width (𝐻𝑊
1

𝑒
𝑀). The photon flux is defined 

as 〈Φ〉 =
2𝐸

(𝜋𝑤2)(ℏ𝜔)
, where E is the laser pulse energy, and 𝑤 is the HW1/e2 beam spot 

size. 

Finally, by replacing 〈𝑁〉 from Eq. S.4 into Eq. S.3, one can use Eq. S.3 to fit the graph 

of PL vs 〈Φ〉2 as in Figure S4. Note that the only fitting parameters are 𝜎2 and 𝛾, in which 

𝛾 refers to the maximum amplitude of the measured signal. 

More details for these expressions are available in Ref. 6. 

The measured saturation curves for all samples discussed in the main text are shown in 

Figure S3. By observing the data, one can see the different size scaling for each type of 

structure.  
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Figure S4. Experimental saturation curves at 800nm for (a) the CdSe core only, (b) the CdSe/ZnCdS type 

I core/shell, and the CdSe/CdS series with (c) 2.0 nm core radius and (d) 1.5 nm core radius. 

 

For all samples, the fitting to the experimental data results with a value for 𝜎2 with a 

fitting error 
∆𝜎2,𝑓𝑖𝑡

𝜎2,𝑓𝑖𝑡
≲ 10% . Note that, because for a given series of samples, all samples 

were measured under the same experimental conditions, this is the relative error for their 

values of 𝜎2. However, the absolute error needs to consider the experimental error due to 

the uncertainties on the laser beam characterization. As it is described in details in Ref. 6, 

the experimental error due to the laser characterization is on the order of 
∆𝜎2,𝑙𝑎𝑠𝑒𝑟

𝜎2,𝑙𝑎𝑠𝑒𝑟
 15%. 

Consequently, one can estimate the absolute error by  
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∆𝜎2

𝜎2
= √(

∆𝜎2,𝑓𝑖𝑡

𝜎2,𝑓𝑖𝑡
)

2

+ (
∆𝜎2,𝑙𝑎𝑠𝑒𝑟

𝜎2,𝑙𝑎𝑠𝑒𝑟
)

2

≅ 20%                          (S. 5) 

And this is the error bar consider throughout the manuscript (see Figs. 2, 3, and 5).  

Additionally, for our samples, the ratio between biexciton, 𝑄𝑌𝑋𝑋, and single exciton, 𝑄𝑌𝑋, 

emission quantum yield is 
𝑄𝑌𝑋𝑋

𝑄𝑌𝑋
≲ 0.1, agreeing with previously reported value. 7 From 

time resolved PL measurements, 𝑄𝑌𝑋𝑋 is estimated from the ratio between biexciton and 

single-exciton PL lifetimes, according to  

𝑄𝑌𝑋𝑋

𝑄𝑌𝑋
= 4

𝜏𝑋𝑋

𝜏𝑋
                                              (S.6) 

For abrupt interface CdSe/CdS heterostructures, 
𝑄𝑌𝑋𝑋

𝑄𝑌𝑋
< 10, 7 consequently, the 

correction for the influence of the multi-exciton emission is minimal. Figure S5 

illustrates the multi-exciton contribution for the two CdSe/CdS heterostructures with 

thicker shell, which are the ones more likely to have biexciton emission. Note that the 

largest value for 
𝑄𝑌𝑋𝑋

𝑄𝑌𝑋
 is 0.075. Even though the correction is small, they are considered 

in the fittings according to Eq. S.3 for samples with thick shell.   

 

Figure S5. Time correlated single photon counting data for the CdSe/CdS 2.0 nm core samples with (a) 

4.5 nm shell and (b) 5.5 nm shell. 
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Table S1: Quantum yield data for the CdSe and CdS samples. 

Sample Quantum Yield (%) 

CdSe 

1.5 6 ± 1 

2.0 15 ± 1 

2.5 9 ± 1 

3.0 9 ± 1 

CdSe/CdS 

2.0/1.5 84 ± 2 

2.0/2.5 91 ± 6 

2.0/3.5 90 ± 10 

2.0/4.5 78 ± 6 

2.0/5.5 55 ± 2 

1.5/2.0 88 8 

1.5/4.0 70 8 

1.5/5.0 66 8 

 

Two-Photon-Excited Photoluminescence – 2PEP 

The 2PA spectra shown in Figure 2 were measured by 2PEP following the method 

described in details by Xu and Webb9 and Makarov et.al. 10 When appropriated, 

Rhodamine B in Methanol has been used as reference sample for the measurement in 

order to obtain the magnitude for 𝜎2 following the equation  

                                                   𝜎2,𝑠 =
𝑐𝑟𝑒𝑓𝑄𝑌𝑟𝑒𝑓𝑛𝑟𝑒𝑓〈𝑃𝐿〉𝑠𝐸𝑟𝑒𝑓

2

𝑐𝑠𝑄𝑌𝑠𝑛𝑠〈𝑃𝐿〉𝑟𝑒𝑓𝐸𝑠
2

𝜎2,𝑟𝑒𝑓                              (S. 7) 

 In which, c refers to the concentration, QY to the single exciton emission quantum yield, 

n the solvent refractive index, 〈𝑃𝐿〉 the temporally and spectrally integrated PL, and E to 

the exciting pulse energy. The sub-index “s” and “ref” refer to the parameters for the 

sample and reference, respectively.  
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For each excitation wavelength, 〈𝑃𝐿〉 is collected for at least 3 different pump pulse 

energies to verify its quadratic dependence, to make sure the experiment is performed far 

from the saturation limit.  

As one can see in Eq. S.7, in this experiment, the magnitude of 𝜎2,𝑠, depends on up to 10 

other parameters from the sample and from the reference, which introduces large relative 

and absolute errors to the measured values. To minimize that, we use the 𝜎2,𝑠 values 

obtained by MPAPS to rescale the 2PEP data in Figure 2 of the main text.   

 

Samples Synthesis Methods 

Materials. Cadmium oxide (CdO, 99.95%) and selenium powder (Se, 100 mesh, 99.99%) 

were purchased from Alfa Aesar. 1-dodecanethiol (DDT, 98%) was purchased from 

Sigma Aldrich. Zinc acetate (Zn(ac)2, 99.9 %), sulfur powder (S8, 99.9 %), oleic acid 

(OA, 99 %), 1-octadecene (ODE, 99 %), tri-n-octylamine (TOA, 99%), and tri-n-

octylphosphine (TOP, 99 %) were purchased from Uniam. 

Precursor preparation. All chemistry is carried out under the Schlenk line technique. 

0.5 M cadmium oleate (Cd(OA)2), 0.5 M zinc oleate (Zn(OA)2), 1 M tri-n-octylphosphine 

selenium (TOPSe), 1 M tri-n-octylphosphine sulfur (TOPS) and 0.5 M DDT (diluted with 

TOA) stock solution are prepared before the CdSe, CdSe/CdS and CdSe/ZnCdS QD 

synthesis. For Cd(OA)2 preparation, 50 mmol of CdO and 100 mmol of OA are mixed in 

a three-neck flask (250 ml), degassed at 130 °C for 1 hour, backfilled with N2, and heated 

up to 300 °C to form optically clear Cd(OA)2 solution. The solution is diluted with TOA 

to a total volume of 100 ml. Zn(OA)2 is prepared following the above procedure 

(Cd(OA)2) with Zn(ac)2 in replace of CdO. 1 M TOPSe was prepared by stirring 20 mmol 
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of Se with 20 mL of TOP at 160 °C for 5 hours. 1M TOPS was prepared in the same 

procedure with S in replace of Se at 60 °C. 

CdSe core synthesis. CdSe cores are synthesized following the previously reported 

method11 with minor modifications. 1 ml of 0.5 M Cd(OA)2, 0.25 mmol of Se powder, 

and 5 ml of ODE are degassed at room temperature (RT) for 5 minutes in a 3-neck round 

flask and backfilled with N2. The solution is heated to 240 °C and maintained for 5 min 

(30 min), resulting in CdSe QDs with a radius of 1.5 nm (2 nm). Additional injection of 

0.6 ml of 0.5 M Cd(OA)2 and 0.15 ml of 1 M TOPSe leads to further growth of CdSe 

cores to a radius of 3 nm. CdSe cores are purified twice by precipitation 

(ethanol)/redispersion (toluene) method and finally redispersed in 5 ml of toluene. 

Type-Ⅰ CdSe/ZnCdS (CdSe/Zn0.5Cd0.5S) QD synthesis. Type-Ⅰ CdSe/ZnCdS QDs are 

synthesized following the previously reported method12 with minor modifications. A 

reaction flask containing 10 ml of TOA and 300 mg of CdSe cores (r = 2 nm) is degassed 

at 130 °C for 30 minutes, backfilled with N2 and heated up to 300 °C. 1.5 ml of 0.5 M 

Cd(OA)2, 3 ml of 0.5 M Zn(OA)2 and 2 ml of 1 M TOPS are injected dropwise to the 

reaction flask for 1.2 nm of Cd0.5Zn0.5S shell growth. The injecting volume of Cd(OA)2, 

Zn(OA)2, and TOPS are varied for the Cd0.5Zn0.5S shell thickness control. The resulting 

CdSe/ZnCdS QDs are purified repeatedly for further characterization. 

Quasi-Type-Ⅱ CdSe/CdS QD synthesis. Quasi-Type-Ⅱ CdSe/CdS QDs are synthesized 

following the previously reported method7 with minor modifications. A reaction flask 

containing 10 ml of TOA and 300 mg of CdSe cores (r = 2 nm) is degassed at 130 °C for 

30 minutes, backfilled with N2, and heated up to 300 °C for further CdS shell growth. 15 

ml of 0.5 M Cd(OA)2 and 0.5 M DDT are injected at a rate of 2 ml/h into the reaction 

flask for 5.5 nm of CdS shell. The reaction was maintained at 300 °C during CdS shell 
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growth. The injecting volume of Cd(OA)2 and DDT are controlled for CdS shell growth 

on the varying radius of CdSe cores (r = 1.5, 2.5, 3.0 nm). The resulting QDs are purified 

fifth in the same way as CdSe core synthesis for further characterization. 

Samples morphological details. All CdSe-based QDs used in this study are zinc blende. 

We have measured the size (and distribution) of CdSe core QDs from TEM analysis and, 

validated them with the estimations from 1Se-1Sh transition wavelength seen in UV-Vis 

spectra at room temperature. We adopt the fast shell growth methods to prepare the 

core/shell QD samples with an abrupt interface, consequently, no significant interfacial 

alloying is expected in these core/shell samples as described in Ref. 7 

 

Figure S6. TEM images of CdSe cores with varying radii (𝒓 = (a) 1.5 nm, (b) 2.0 nm, (c) 

2.5 nm, and (d) 3.0 nm). The insets show the size distributions of each CdSe core. Scale 

bars = 10 nm. 
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Figure S7. TEM images of (a,b) CdSe (r = 2.0 nm)/ZnCdS QDs and (c,d) CdSe (r = 2.0 

nm)/CdS QDs with different shell thicknesses. The insets show size distribution of each 

sample. Scale bars = 10 nm. 
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