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Solution processed nanocrystal quantum dots (NQDs), have since their first manufacture[1] attracted 

considerable interest for use as optical gain media, with the prospect of inexpensive, low threshold 

laser devices that can be printed onto large area or flexible substrates, or otherwise integrated into 

epitaxial or waveguide structures. The quantum confinement of electrons and holes in such 

nanocrystals allows their emission wavelength to be tuned simply by changing their size, such that 

any emission wavelength in the visible and near infrared of the spectrum can be accessed with a 

small selection of materials. Several nanocrystal based lasers have now been reported with a variety 

of device designs[2]–[9]. 

Understanding the interplay between the various absorption and emission processes is essential in 

order to optimise the nanocrystal design. Spectroscopy of the gain produced can be measured using 

pump-probe techniques[10] and allows the investigation of exciton relaxation dynamics. However these 

rapid transient processes are considerably removed from lasing behaviour in the presence of optical 

feedback and a good understanding of the lasing process is currently lacking. 

 

 

ABSTRACT: We report on the lasing behaviour of solution-based colloidal 

quantum dots within an open microcavity. The small size and wide 

tunability of the cavity provide single mode lasing over a wavelength 

range in excess of 25 nm.  By extracting the lasing threshold and 

differential gain for the fundamental cavity mode over this spectral range 

we demonstrate gain spectroscopy of the quantum dot solution. This new 

approach could help in the optimisation of laser gain media and provides 

a way of constructing miniature laser arrays for on-chip integration. 



In this paper we report a convenient method for the direct investigation of the lasing behaviour of 

solution-based NQDs by performing gain spectroscopy enabled via in-situ tuning of the cavity 

feedback wavelength. Tunable cavities and laser emission have been demonstrated by others using 

various methods. For example, the shape of the cavity can be tuned by external heating achieved 

through either modulating the pump power[8] or by directly heating the cavity using an electrical 

heater[11].  Other methods have utilised strain[12],  electric-field[13]-[14]  or pressure[15]. However, these 

methods tend to either have too limited a tuning range for useful spectroscopy, or involve changes to 

the NQD environment that may themselves modify the gain characteristics, making interpretation of 

the observed changes in lasing performance difficult. By directly tuning the cavity length of a Fabry-

Perot style open resonator, we achieve both a wide tuning range and fine control limited only by the 

resolution of the actuator. As a result we are able to observe single mode lasing over a range 

exceeding 25 nm, and thereby map the full spectra for the lasing threshold and differential gain. The 

NQDs in solution within the cavity experience no change in temperature or stress during tuning and 

so the changes in lasing performance can be attributed unambiguously to the change in feedback 

wavelength. From a technological standpoint, our results demonstrate a new approach to widely 

tunable single mode lasers for chip-scale and low power applications.  

 



 

 

Figure 1. Cavity geometry and set-up. (a) Diagram showing the cavity which consists of a hemispherical and a flat mirror 

each made from 10 alternating pairs of λ/4  SiO2/TiO2 material forming the distributed bragg reflectors (DBRs). The 

hemispherical mirror has a radius of curvature of 25 μm. (b) Core-shell CdSe/CdS NQD solution inside the cavity. (c) Image 

showing 3 x 3 array of cavities (patterned mirror) of 25 μm radius of curvature. (d) Schematic of the experimental set-up.  

A = Tilt control, B = Nanocrystal solution, C = Piezo ring actuator, D = Planar mirror, E = Patterned mirror.  The NQDs are 

excited with a pulsed 400 nm laser with 100 fs temporal width and a 0.4 NA objective is used to focus the laser on the 

cavity. The emission from these NQDs is collected using a 0.25 NA objective and directed into the spectrometer. The cavity 

length is controlled by a ring piezoelectric actuator and the tilt control allows us to tune the angle between the two 

mirrors during alignment. 

  

The experimental setup is shown in figure 1. The cavity consists of a planar mirror and a spherical 

concave mirror facing each other as shown in figure 1a. The concave mirror templates are 

manufactured from a polished silica substrate using ion beam milling (FIB) as reported in previous 

work[16]. Each mirror is then coated with distributed Bragg reflectors (DBRs) with a maximum 

reflectivity of approximately 99.87% at 640 nm and a >90% reflectivity band extending from 550 nm to 

720 nm. Each DBR is made up of 10 pairs of SiO2/TiO2. The hemispherical mirrors used in this work 

have a nominal radius of curvature (RoC) of 25 μm, providing a confined mode diameter of 1-2 μm 

depending on cavity length. The core-shell CdSe/CdS NC’s (figure 1b) are immersed in toluene and 

drop-cast onto the planar mirror and remain in the form of a solution during the experiment. The 

solution completely filled the cavity as shown on Figure 1a.  In figure 1c a 3 x 3 array of hemispherical 

cavities (patterned mirror) can be seen. Figure 1d shows the cavity control apparatus and optics. The 

NC’s are optically excited with a frequency-doubled mode locked Ti:Sapphire laser at 400 nm, 

capable of delivering pulse durations of 100 fs and with energy in excess of 700 pJ per pulse. The 



excitation beam is focused to a spot diameter (FWHM) of 10.5 µm (+/- 1 µm) diameter using a 0.4 NA 

microscope objective lens.  The repetition rate of the excitation pulses is set to 40 kHz to avoid photo-

bleaching of the NC’s.  The hemispherical mirror is attached to a 2-axis kinematic stage which allows 

fine control of the angle between the two mirrors. The planar mirror is attached to a piezoelectric ring 

actuator used to control the cavity length. Emission from the device is collected using a 0.25 NA 

objective lens and is directed into a grating spectrometer with a cooled silicon CCD camera (figure 

1d).  

The microcavities support stable Hermite-Gaussian modes provided the mirror separation L is smaller 

than the radius of curvature ( ) of the concave mirror. Within this stability range, each cavity mode is 

fully characterized by three mode numbers. The longitudinal mode number q gives the number of field 

anti-nodes along the cavity axis and the two transverse mode number, m and n, correspond to 

excitations perpendicular to the cavity axis (vertical on figure 1a) resulting from the confinement 

caused by the concave mirror[16]–[21]. For a given set of mode numbers (q,m,n), the mode resonance 

wavelength λ is given by: 

 

[𝑞 +
1

𝜋
(𝑚 + 𝑛 + 1)arccos (√1 − 𝐿

𝛽⁄ )]
𝜆

2𝜇ref
= 𝐿     (1) 

 

where  ref is the refractive index. Figure 2a shows a typical emission spectra below and above the 

lasing threshold at pump energies 0.85Pth and 2.66Pth respectively. Here Pth is the threshold energy 

(in pJ per pulse) of the fundamental cavity mode TEM00 (with m = n = 0) observed here at 641 nm. 

This mode is associated with q = 25 calculated using eq. (1) with a cavity length of 5.3 μm inferred 

from the free spectral range. The refractive index is taken to be as 2 (a 50:50 mixture of toluene and 

CdSe/CdS NQD solution is assumed). In addition a family of transverse modes can be seen (up to 

about m + n = 4).    Note that on the higher wavelength side of the fundamental mode (q, 0, 0) other 

transverse modes associated with a lower longitudinal mode number q-1 can also be seen.  

The integrated intensity of the fundamental mode as a function of excitation energy reveals a clear 

threshold behaviour as presented in figure 2b. The modes at 622 nm and 641 nm display lasing 

thresholds of 190 pJ and 80 pJ respectively, as shown in figure 2b.  Figure 2b also shows their 

linewidths (FWHM) as a function of excitation energy which can be seen to drop sharply at threshold 

due to the increase in the coherence time of the system and they quickly reach the resolution limit of 

the spectrometer (~0.1 nm). This sharp reduction in the linewidth provides conclusive evidence of 

lasing and provides the most accurate method for determining the lasing threshold. The inset shows 

the spectra above threshold for these two modes tuned into position one after another using the ring 

actuator.  

 



 

Figure 2.  Nanocrystal lasing. (a) Spectra below and above threshold at pump energies of 0.85Pth and 2.66Pth (400 nm 

excitation), respectively. Multi-mode laser emission (from TEMm+n = 0 to TEMm+n = 3) can be seen above threshold.  (b)  

Threshold behaviour from the fundamental cavity mode, TEMm+n=0, at two different spectral positions (622 nm and 641 

nm), along with the linewidths, showing a sharp decrease at threshold. Notice that the threshold is different for these two 

spectral positions (~ 80 pJ per pulse for TEMm+n = 0  at 641 nm and ~190 pJ per pulse at 622 nm), revealing the possibility of 

mapping the threshold as a function of spectrum position. The inset shows the spectra of these lasing modes at these two 

different spectral positions, both above threshold.   

 

Some fonts and data point circles are too small in the figure 2b below (from Robert)  

 Assuming the absorption at the pump wavelength is non-saturable, we calibrate the excitation pulse 

energy in terms of the average number of excitons generated per NQD, 〈𝑛〉 (see supplementary 

information). Then, as an additional means to characterise lasing behaviour we define a 

dimensionless ‘differential gain parameter’  as 𝜂 =
𝑑𝜒

𝑑〈𝑛〉
 where 𝜒 =

𝑃st

𝑃sp
, the ratio of the stimulated 

emission intensity to the spontaneous emission intensity (the latter being taken to be constant at the 

threshold value). The parameter  is thus measured using a linear least squares fit to the graph of  

vs 〈𝑛〉 above the lasing threshold. 

The threshold and differential gain parameters can thus be established at any wavelength within the 

spectral range over which lasing is observed by tuning the cavity length. Figure 3 shows the tuning of 

the TEM00 lasing mode from 619 nm – 651 nm, a range of 32 nm. Note that between 619 nm – 644 

nm we are able to select a pump power at which lasing occurs predominantly in the TEM00 mode. 

Between 648 nm – 651 nm TEMm+n = 1 and TEMm+n = 2  dominate the spectrum. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Graphs of the TEM00 lasing threshold, plotted in terms of the average exciton number per NQD (〈𝑛〉), 

and differential gain parameter as functions of spectral position are shown in figure 4a on top of the 

normalised free space emission spectrum. The lasing threshold shows a clear minimum which is red-

shifted relative to the peak of the PL spectrum. This spectral position for the minimum threshold is 

consistent with observations in NQD’s[5],[7],[10],[22]  and dye-doped laser systems[23] without resonant 

optical feedback. In these, the appearance of amplified spontaneous emission to the red of the 

spontaneous emission peak has been justified by the fact that the net gain is a result of the 

competition between stimulated emission and absorption processes in the nanocrystals, the latter 

always being stronger at shorter wavelengths. Note that our cavity Q-factor is governed by the re-

absorption processes of the nanocrystals so that threshold curve seen in figure 4b is not due to the 

intrinsic Q-factor of the cavities, which peaks around 640nm.  The differential gain also shows a 

maximum at the point where the threshold is at a minimum meaning that the lasing process is more 

 

Figure 3.  Tunable laser emission. The optical modes can be tuned by varying the length of the cavity. 

The open access design of the cavity gives us fine control of the tunability as well as a large tuning 

range. Single mode tunability of 25.6 nm is demonstrated on the fundamental mode of the cavity in the 

lasing regime. The photoluminescence spectrum is also plotted for comparison.  

 



efficient here. The average exciton number at threshold can be calculated from the equation 〈𝑛〉 =

 𝐽p𝜎/ћ𝜔pump. Here 𝐽𝑝  is the pump photon fluence (calculated using the excitation spot size), 𝜎  the 

absorption cross-section and ћωpump  is the pump photon energy. Taking 𝜎 as 8 x 10-19 m2[24] and 

assuming efficient relaxation to the band edge[x], the average exciton number at threshold is 

calculated and plotted in figure 4b (black). This calculated curve agrees well with the curve for the 

average exciton number at threshold (blue) inferred using the saturation fit below threshold (see 

supplementary information).   

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The desire for low lasing thresholds has focused much attention on the realisation of lasing in the 

single exciton regime [7],[8],[25],[26]. Single exciton lasing is challenging because the spin degeneracy of 

the lowest energy exciton state in NQDs suggests that in the absence of exciton-exciton interaction,  

a single exciton will not provide gain because it will offer a cross section for optical absorption equal to 

that of stimulated emission. In this simple picture therefore, only biexciton states are capable of 

producing a net gain. Some recent reports however have demonstrated that engineering the 

interactions between the photoexcited electrons and holes can lift the exciton/biexciton degeneracy 

such that lasing in the single exciton regime is observed [8].  

 

Figure 4. Lasing spectroscopy of the nanocrystal solution. (a) Threshold exciton number (solid squares) and 

differential gain (solid circles) as functions of the TEM00 lasing wavelength. The nanocrystal fluorescence 

spectrum (solid line) is included for comparison. (b) Values of <n> at threshold obtained by fitting the 

fluorescence saturation curve (solid triangles) and by measurement of the pump energy per pulse, 

assuming an absorption cross section at pump = 400 nm of 8  10-19 m2. 



Using the calibrated exciton generation axis (see supplementary infomation) we find that <n> ~ 1.49 

(0.18) for the lowest measured lasing threshold suggesting that lasing is primarily generated by 

biexcitons in the present device. This is consistent with the known physics of the NQD structures and 

cavities used in the experiments: although CdSe/CdS core-shell nanocrystals may have potential to 

show lasing in the single exciton regime due to their quasi-type II core-shell band alignment[8], the 

relatively thin shells of these NCs will result in near-degenerate exciton and biexciton transitions, and 

so it is likely that the stimulated emission cross section for single exciton lasing is at least an order of 

magnitude smaller than that for biexciton lasing, and would only be observed with a very high finesse 

cavity. 

In conclusion, we have demonstrated in-situ tunable single mode lasing over a range in excess of 25 

nm from solution-based semiconductor nanocrystals using our optical microcavities. Our method of 

tuning the lasing wavelength ensures there is no modification to the NQD environment and so the 

lasing performance can be attributed unambiguously to the change in feedback wavelength. The 

threshold of the fundamental cavity mode, TEMm+n=0, as a function of its spectral position was shown 

to have a clear minimum red-shifted with respect to the ensemble photoluminescence spectrum. This 

minimum was attributed to an optimal balance between stimulated emission and re-absorption of the 

lasing photons.  We further define a differential gain parameter and measure it to be maximum where 

the threshold is at its minimum showing the lasing here is at its most efficient. This knowledge could 

help optimize cavity feedback designs for low threshold lasing and also provides a way of constructing 

miniature laser arrays for on-chip integration. Furthermore, the capability to manufacture an array of 

hemispherical cavities points towards the possibility of scaling up our miniature laser cavities for on-

chip integration. 

Supplementary Information 

Saturation of spontaneous emission 

If the absorption process at the pump wavelength is non-saturable, the probability of generating k 

excitons per NC immediately after the pump pulse follows the Poissonian distribution[27]: 

P(k) =  
〈n 〉𝑘

𝑘!
e−〈𝑛〉           (A1) 

where 〈𝑛〉 is the average number of excitons generated per nanocrystal, proportional to the excitation 

pulse energy. Since multiple exciton states in nanocrystals decay via rapid and non-radiative Auger 

processes[28]–[31], the spontaneous emission is dominated by the radiative recombination of single 

excitons. Consequently, the spontaneous emission intensity saturates with increasing excitation pulse 

energy, as the probability of generating at least one exciton per nanocrystal approaches unity. Equ. 

(A1) reveals that the probability of generating at least one exciton in a nanocrystal is given by 

P(≥ 1) = 1 − 𝑒−〈𝑛〉 (A2) 



The dependence of the spontaneous emission intensity 𝐼𝑠𝑝 on energy per excitation pulse 𝐸𝑒𝑥 

therefore takes the form  

𝐼sp = 𝑃sp (1 − e
−

𝐸ex
𝐸1 )     (A3) 

where 𝐸1 is defined as the pulse energy required per exciton and 𝑃𝑠𝑝 is the spontaneous emission 

intensity  taken to be constant at the threshold value.  

By fitting eq. (A3) to the measured data we are able accurately to establish  𝐸1.  An example fit is 

shown in figure 1. For one of the fundamental lasing modes at 622 nm, for which 𝐸sat = 49.4  2.1 pJ 

per exciton. The average number of excitons per NQD resulting from this calibration, is plotted on the 

top axis of figure S1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1.  Fluorescence saturation curve fitting.  The excitation pulse energy can be calibrated 

in terms of the average exciton number per NQD through equation A3. Shown here is an 

example fit to the power dependence curve (below threshold) for the TEMm+n=0 mode at 

622nm. This enables us to extract the energy needed to generate a single exciton per NC (E1) 

and also the saturation constant Psp , which allows us to define the differential gain parameter, 

 (see main text). 
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