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Abstract 

Type-tunable optical gain performance of core-seeded CdSe/CdS nanorods is studied via 

two-photon optical pumping. Controlling the exciton-exciton interaction by varying the 

core and shell size, blue-shifted, and red-shifted modes of amplified spontaneous 

emission are systematically and their type attributions are verified by time-resolved 

emission kinetics.  

 

Colloidal semiconductor nanocrystals have recently arisen as promising candidates to be 

utilized as active gain media for lasing applications.
1,2

 With their band gap tunability (via size 

and shape modifications), efficient band edge emission (even at room temperature), discrete 

band structure, and synthesis through facile wet-chemistry, it is possible to achieve color-

tunable, low-threshold, temperature insensitive and solution processed lasers from colloidal 

quantum dots (CQDs).
2-6

 However, there are various problems and challenges associated with 

CQD-based lasers. One way of achieving stimulated emission from the CQDs is through 

multi-exciton generation. When multiple excitons are formed, Auger recombination (AR) 

process becomes more pronounced and inhibits optical gain in CQDs.
7-9

 In addition, high 

intensity optical pumping, which is required for stimulated emission, can photo-damage the 
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sample and decrease the stability.
10

 To address these issues, CQDs having suppressed AR and 

exhibiting higher absorption cross-section, which can increase the stability of CQDs by 

lowering the optical gain threshold, are strongly required. 

As a subclass of nanocrystals, core/shell nanorods (NRs) have been extensively considered for 

lasing applications and optical gain studies to overcome these problems with possibility of 

engineering their electronic structure for longer gain lifetime and increased absorption cross-

section.
11-14 

From different variety of core/shell NRs, core-seeded CdSe/CdS NRs have 

become quite attractive. With the advance in the colloidal synthesis of CdSe/CdS core/shell 

NRs, it is possible to synthesize highly efficient and crystalline CdSe/CdS core/shell NRs 

having a narrow size distribution by finely controlling their shape and size.
15,16

 Furthermore, 

due to shallow band offset for electrons in the CdSe/CdS core/shell material system, a partial 

separation of electron and hole wavefunctions is observed which is known as quasi Type-II 

electronic structure this contributes to the suppression of Auger recombination, which is 

highly critical for achieving lasing.
11,16-18

 The other advantage of having a lower energy 

barrier for electrons in CdSe/CdS NRs is that, by simply changing their core and shell sizes, it 

is possible to tailor the electron and hole wavefunctions overlap and tune CdSe/CdS NRs 

from Type-I-like to quasi-Type-II-like band alignment, which can be an important design 

consideration when engineering the gain/loss mechanisms in practical lasing systems.
19-23

 

Moreover, due to the narrower band gap of CdS with respect to ZnS, the absorption cross-

section of CdSe/CdS core/shell NRs is greatly enhanced.
13

  

With all of these aforementioned promises, in the nanocrystal lasing context, CdSe/CdS NRs 

has become one of the most heavily studied material systems.
18,24

 Recently, single-mode, 

single-exciton and tunable laser emission on a silica microsphere
25

 and low-threshold 

amplified spontaneous emission (ASE) and lasing with two-photon pumping mechanism
10

 

have been successfully demonstrated with CdSe/CdS core/shell NRs. Moreover, it was shown 

that nearly temperature-independent ASE can be possible with CdSe/CdS core/shell NRs
26
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and controllable transition of ASE peak from CdSe core region to CdS shell region can be 

finely tuned by changing the length of the nanorod and the excitation intensity.
21

 In addition, 

the tunability of electron and hole wavefunctions overlap in this material system has also been 

discussed in the literature for both entangled photon generation
27

 and nanocrystal lasing 

applications.
20

 However, to the best of our knowledge, controlled shifting of ASE peak with 

respect to the spontaneous emission in CdSe/CdS NRs through systematically changing the 

electronic property of the NRs has not been demonstrated. Here, as a result of the exciton-

exciton interaction engineering via adjusting the core and the shell size, we show the 

electronic Type tunability of the NRs feature resulting in blue-shifting (Type-II-like), and red-

shifting (Type-I-like) ASE with respect to the spontaneous emission of NRs pumped with 

two-photon absorption (TPA) optical pumping mechanism. We also verify the Type 

attributions of different size NRs by carefully studying their time-resolved decay dynamics, 

where transition from Type-I to Type-II-like behavior has indicated longer decay lifetimes as 

a consequence of the decreased electron and hole wavefunctions overlap, and hence, a smaller 

oscillator strength.  
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Figure 1. (a) Absorption and photoluminescence spectra of CdSe/CdS core/shell NRs with 

varied core sizes and rod lengths and (b) their high resolution transmission electron 

microscopy (TEM) images (scale bars = 10 nm). 

 

In this study, we synthesized highly efficient and stable core-seeded CdSe/CdS NRs having 

different core sizes and rod lengths according to the recipe from the literature.
15

 As it can be 

seen from the TEM images (Figure 1), they exhibit highly crystalline structure with a narrow 

size distribution, which results in higher photoluminescence quantum efficiency (>40%). 

Owing to very small lattice mismatch between CdSe and CdS (3.9%), epitaxial growth of CdS 

shell is achieved. Therefore, it is not easy to differentiate CdSe and CdS regions and confirm 

the growth of CdS rod region without using strain analysis from the TEM images. However, 

the formation of CdS rod on top of CdSe core can be confirmed easily from the sharp increase 

in the absorption spectrum around 400-500 nm region (Figure 1), which corresponds to the 

band gap of wurtzite CdS. In addition, with the increase in rod length, this signature of rod 

region on absorption becomes more dominant and makes a significant contribution to the 

absorption cross-section. Thanks to this very high absorption of mainly rod-shaped shell 
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region of NRs, they are very good two-photon sensitizers, which is highly desirable for 

optical gain materials.
13

 

For the optical gain study, all three high quality close-packed films were prepared by drop 

casting of highly concentrated solutions (100 mg/mL) of CdSe/CdS core/shell NRs on bare 

quartz substrates. The films were pumped with 120 fs laser pulses with 1 kHz repetition rate 

at the wavelength of 800 nm and the laser beam was focused on samples by using a 

cylindrical lens. The excitation intensity dependent emission spectrum of CdSe/CdS core/shell 

NR2 sample having a core diameter of 3.8-4.0 nm and a rod length of 30.0 nm was given in 

Figure 2. At low excitation intensities, only spontaneous emission was observed having a 

peak at 632 nm with a full-width-at-half-maximum (FWHM) of 34 nm. When the excitation 

intensity exceeds the threshold value (~7.5 mJ/cm
2
), slightly red-shifted (~1 nm) ASE peak 

emerged at 634 nm with a FWHM value of 7 nm, which is very low as would be expected 

from an ASE process.  
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Figure 2. (a) Photoluminescence emission spectra of highly concentrated close-packed film 

of CdSe/CdS NR2 sample under different excitation pulse intensities and (b) excitation pulse 

intensity dependence of the emission at the ASE peak position of CdSe/CdS NR2. 

 

In addition, it was shown that due to the lower energy barrier for electrons in CdSe/CdS 

core/shell material systems, type tunable electronic structure from Type-I to quasi Type-II 

was achieved by changing the core size and rod length.
22,30

 Therefore, in order to figure out 

the effect of different electronic structures on optical gain performance from the same 

material system, we designed and synthesized CdSe/CdS NRs with different core sizes and 

shell thicknesses. The films were prepared by drop-casting of highly concentrated solution of 

CdSe/CdS NRs on bare quartz substrates having no loss compensation or waveguiding 
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mechanism in order to make sure that the spectral position of the ASE peak is not affected by 

other parameters. We demonstrated type tunability of ASE peak originating from biexciton 

emission with respect to spontaneous emission via engineering attractive vs. repulsive nature 

of exciton-exciton interactions in the NRs. As a result of the smaller core size of NR1, 

electrons were not confined to the CdSe core and a partial separation of electron and hole 

wavefunctions took place. Therefore, when we optically pumped the highly concentrated 

close-packed film of NR1, we observed Type-II-like behavior with approximately 9 nm blue-

shifted ASE peak due to repulsive exciton-exciton interaction (Figure 3).
31,32

 On the other 

hand, when the core size was increased as in the case of NR3, the leakage of electrons to the 

CdS shell decreased, meaning that the core could confine most of the electrons; therefore, 

Type-I-like behavior was achieved with 4 nm red-shifted ASE peak from NR3 owing to 

attractive exciton-exciton interaction. Finally, we observed that attractive vs. repulsive nature 

of exciton-exciton interaction can be modified not only by changing the core size but also the 

rod length. As it can be seen from Figure 3, slightly red-shifted (~1 nm) ASE peak was 

achieved from the NR2 having a larger core size and a longer rod length, owing to the 

balanced attractive and repulsive exciton-exciton interaction. For this sample, looking at only 

the core size would suggest that the NRs should exhibit Type-I-like behavior and looking at 

the shell length would tell us that the NRs should behave like Type-II. However, with the 

balanced dominances of these two localization regimes, which resulted in neither attractive 

nor repulsive exciton-exciton interaction, we achieved non-shifted ASE peak.  
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Figure 3. (a) Schematic illustration of CdSe/CdS core/shell NRs proportional to their size.    

(b), (c), (d) Excitation intensity dependent emission spectra of NR1 (with blue-shifted ASE 

peak), NR2 (with ASE peak at the same position as the spontaneous emission), and NR3 (with 

red-shifted ASE peak), respectively. (e), (f), (g) Excitation pulse intensity dependences of 

emissions at the ASE peak positions of NR1, NR2, and NR3, respectively. 

 

In order to verify the hypothesis on electron and hole wavefunctions localization engineering 

stated above and gain more insight into the electronic band structure of CdSe/CdS core/shell 

NRs with different core sizes and rod lengths, we conducted time-resolved fluorescence 

measurements (TRF). We performed TRF measurements by using samples of NRs in solution 

with low concentrations under lower excitation intensities to assure that the NRs are occupied 
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with at most single excitons and nonradiative components are suppressed. TRF decay curves 

of CdSe/CdS NRs are given in Figure 4, and all of the decay curves exhibited almost single 

exponential decay. In literature, for the bare CdSe core nanocrystals, decreased radiative 

lifetime was demonstrated with decreased core size and, for the CdSe/CdS core/shell NRs, 

increased lifetime was reported with increasing the rod length.
15

 However, we observed the 

longest radiative lifetime (~30.2 ns) from the NR1 sample having the smaller core size and 

shorter rod length, which also matches with the observed Type-II-like behavior from the blue-

shifted ASE behavior.
33

 In other words, owing to the smaller core size in NR1, electrons were 

delocalized over the CdS shell region and with the decreased wavefunctions overlap of the 

electron and the hole, a longer radiative lifetime was observed (Figure 4). On the other hand, 

with the increased core size, leakage of electrons to the shell region was reduced and shorter 

radiative lifetimes was measured from the NR3 as a result of increased electron and hole 

wavefunctions overlap, which can be explained by the Type-I-like behavior.   

 

 

Figure 4. TRF decay curves of the NRs together with average least chi-square fitting 

lifetimes. 

In order to perform a more detailed analysis on the tunability of ASE peak, we also 

synthesized CdSe/CdS core/shell NRs having different rod lengths while the size of cores and 

the diameter of rods are kept the same. The size of cores and the diameter of rods are 3.9-4.1 

nm and 5.0-6.5 nm, respectively (Figure S2). Figure 5 shows the photoluminescence spectra 
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of CdSe/CdS core/shell NRs having rod lengths of 22, 35 and 55 nm under intense two-

photon optical pumping. In the case of NR4 having a shorter rod length, we achieved ~1 nm 

red-shifted ASE peak with a FHWM value of 7 nm, which is expected due to their larger core 

size and shorter rod length (Figure S3). On the other hand, 8 nm blue-shifted ASE is 

observed for the case of NR5 having a longer rod, which can be explained with the decreased 

electron and hole wavefunctions overlap as a result of the longer CdS rod region. This type-II-

like ASE behavior of NR5 is also verified by using TRF measurements. As a result of the 

delocalization of electrons, a longer radiative lifetime (23.0 ns) is observed from NR5 while 

decreased radiative lifetime (16.4 ns) is observed from NR4 (Figure S4). In addition, although 

NR6 have the longest CdS rod length, we achieved almost the same amount (~8 nm) of blue-

shifted ASE from NR6 when compared to NR5. It is also shown that both NR5 and NR6 have 

the same radiative lifetime, which confirms that photoluminescence lifetimes are a good 

indicator of confinement. Finally, optical gain thresholds down to 3 mJ/cm
2 

are achieved from 

red-emitting CdSe/CdS core/shell NRs. When compared to the previous works of Jasieniak et 

al. (7 mJ/cm
2
 threshold for red-emitting CdSe/CdS/ZnS CQDs employing a waveguiding 

mechanism)
28

 and Todescato et al. (12.31 mJ/cm
2
 threshold for red-emitting 

CdSe/CdZnS/ZnS CQDs with a waveguiding mechanism)
29

, the optical gain threshold value 

can be said to be very low, which is attributed to the increased absorption cross-section. 
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Figure 5. Normalized decomposed ASE and spontaneous emission spectra of (a) NR4, (b) 

NR5 and (c) NR6 sample under intense two-photon optical pumping. The broad spectra 

(normalized to unity) are the spontaneous emission spectra of the NRs, while the narrow 

spectra are the ASE spectra of the NRs. The experimental PL spectra of NRs without 

decomposition are demonstrated in the inset. 
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Conclusion 

In conclusion, we showed that with their giant two-photon absorption coefficients, CdSe/CdS 

NRs are one of the strongest candidates for lasing applications with two-photon optical 

pumping. Moreover, owing to their type tunable electronic configuration, blue-shifted and 

red-shifted ASE peak with respect to spontaneous emission was achieved via engineering the 

exciton-exciton interaction in the CdSe/CdS core/shell material system, which could prove 

useful when maximizing their optical gain performance, for example, through reducing 

reabsorption processes. Furthermore, we verified the type tunability of CdSe/CdS NRs with 

TRF measurements. These results show that with high two-photon absorption coefficient and 

ability to control ASE peak shift, CdSe/CdS NRs are very promising candidates for practical 

lasing applications.     

Experimental Section 

Synthesis of CdSe/CdS core/shell Nanorods 

CdSe/CdS core/shell NRs are synthesized with seeded growth approach by using the slightly 

modified recipe from the literature.
15

 First, we synthesized CdSe cores. For a typical CdSe 

core synthesis, 3.0g of Trioctylphosphine oxide (TOPO), 0.280g of Octadecylphosphonic acid 

(ODPA) and 0.060g of Cadmium oxide (CdO) are loaded to the three-neck flask. The solution 

is evacuated at 150
o
C for an hour to remove oxygen and water inside the reaction solution. 

Then, the solution is heated to 350
o
C under argon atmosphere for the dissolution CdO. After 

the complete dissolution of CdO, 2mL of Trioctylphosphine (TOP) is injected swiftly. When 

the temperature is recovered to injection temperature of 350
o
C, selenium (Se) stock solution 

(0.058g Se and 0.5mL TOP) is injected. Different size of CdSe cores can be achieved by 

changing the growth time and the reaction is stopped by decreasing the temperature. Finally, 

CdSe cores are precipitated with ethanol and dissolved in toluene.  

For the growth of CdS rod, 3g of TOPO, 0.290g of ODPA, 0.080g of hexylphosphonic acid 

(HPA) and 0.060g of CdO are loaded to the three-neck flask and evacuated at 150
o
C for an 
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hour. After evacuation, the temperature is increased to 350
o
C for the dissolution of CdO under 

the argon atmosphere. When the solution becomes colorless, 2mL of TOP is injected swiftly. 

After the temperature is recovered to 350
o
C, injection solution is injected and solution is kept 

at 350
o
C for the growth between 5-8 min. For the preparation of injection solution, certain 

amounts of CdSe core are precipitated. Then, these CdSe cores are dissolved freshly prepared 

sulfur (s) stock solution (0.200g S and 2mL TOP) inside the glove box. The reaction is 

stopped by decreasing the temperature and CdSe/CdS core/shell NRs are purified several 

times before optical gain studies by using ethanol. In addition, according to the desired rod 

length, the amounts of CdSe core, CdO and S can be tuned.             

Measurement of the ASE spectra: 

For the ASE experiments, as the excitation source for the NR samples, Spectra Physics, 

Spitfire Pro XP regenerative amplifier having 120 fs pulse width at 800 nm with a 1 KHz 

repetition rate is used. The amplifier is seeded by a Ti:Sapphire laser (Spectra Physics, 

Tsunami). The laser beam is focused on the sample with the help of a cylindrical lens having 

a 20 cm focal length and the samples are excited with a stripe geometry. A variable neutral 

density filter is used to adjust the pump intensity on the samples. The emission spectra of the 

samples were collected by an optical fiber connected to a miniature spectrometer (Maya2000 

Pro).  
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Controlling the exciton-exciton interaction by varying the core and shell size, blue-

shifted and red-shifted amplified spontaneous emission are systematically demonstrated. 
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