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The biexciton lifetimes in HgTe colloidal quantum dots are measured as a function of 

particle size. Samples produced by two synthetic methods, leading to partially aggregated 

or well-dispersed particles, exhibit markedly different dynamics. The relaxation 

characteristics of partially aggregated HgTe inhibit reliable determinations of the Auger 

lifetime. In well-dispersed HgTe quantum dots, the biexciton lifetime increases 

approximately linearly with particle volume, confirming trends observed in other 

systems. The extracted Auger coefficient is three orders of magnitude smaller than for 

bulk HgCdTe materials with similar energy gaps. We discuss these findings in the 

context of understanding Auger recombination in quantum-confined systems, and their 

relevance to mid-infrared optoelectronic devices based on HgTe colloidal quantum dots.  
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 At high carrier densities, the dominant mode of energy loss in semiconductors is 

Auger relaxation. In this process, electrons and holes recombine non-radiatively by 

transferring the gap energy to a third carrier that rapidly thermalizes. Auger processes are 

very relevant to the performance of semiconductor devices, including lasers, high power 

light emitting diodes, and detectors.1 In particular, they are the main reason why infrared 

semiconductor detectors, such as InSb and HgCdTe, must be operated at cryogenic 

temperatures.2 Auger relaxation in these small-gap semiconductors is a direct process 

modeled accurately by the Coulomb interactions between carriers under total momentum 

conservation.1 In contrast, for wide-gap semiconductors such as InGaN, the theoretical 

direct process is orders of magnitude too slow compared to experiment. Auger relaxation 

in these materials is instead better described as an indirect process involving phonons.3 

As a general trend, the Auger relaxation rates in bulk semiconductors decrease by many 

orders of magnitude as the energy gap increases.   

 Auger relaxation in quantum dots happens as soon as one or more carriers interact 

with an exciton, and it is easily observed as a shortened exciton lifetime under strong 

excitation. The first report of such behavior in 1987 showed sub-nanosecond Auger 

lifetimes for CdSexS1-x nanoparticles in glass.4 Subsequent investigations of Auger 

relaxation in colloidal quantum dots led to the striking observation that many different 

materials displayed similar biexciton lifetimes despite vast differences in their bulk 

Auger rates. In particular, a comparative study of Auger lifetimes for PbSe, InAs, CdSe, 

and Ge colloidal quantum dots showed a “universal” linear scaling of the biexciton 

lifetime with particle volume and a weak effect of the material.5 In addition to colloidal 
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nanoparticles, epitaxial quantum well structures display a comparable dissimilarity 

between bulk and nanoscale Auger rates.6  

 Relaxation of momentum conservation has been qualitatively proposed to account 

for these observations,5,7 but there is no quantitative theory that explains the similar 

biexciton lifetimes in quantum dots of such different materials, or their differences from 

those in the bulk. The unexplained differences between bulk and nanoscale Auger 

lifetimes motivate experiments on materials with even faster Auger rates in the bulk, such 

as small-gap materials including the semimetal HgTe. The Auger lifetimes in HgTe 

CQDs are also of interest as they are investigated for low-cost infrared detectors and light 

sources.8–12 To date, there are two reports of an approximately 50 ps Auger lifetime in 

small HgTe particles.13,14 Here, we describe a more extended study of the Auger lifetime 

size-dependence in HgTe quantum dots, made possible by recent synthetic methods. 

 In this work, we employed the method of transient bleaching in the mid-infrared. 

A home-built Nd:YLF regenerative amplifier producing 10 ps, 1053 nm pulses at 1 kHz 

was used to generate pulses tunable from 1.4 – 4.5 µm by type II parametric down-

conversion. The idler waves were selected as probes by a Ge plate at Brewster's angle, 

and 1053 nm pulses pumped the sample after a variable optical delay. Probe pulses were 

attenuated by NiCr-CaF2 neutral density filters to below 22 𝜇J/cm2 at the sample, and 

pump pulses were attenuated by a variable neutral density filter. The pump and probe 

beam waists at the sample were respectively 1.3 and 0.12 mm.  

Partially aggregated HgTe quantum dots were prepared by a variant of the 

synthesis reported by Keuleyan and co-workers.15 Briefly, 30 mg of HgCl2 was dissolved 

in 4 mL of oleylamine by stirring at 100 °C for one hour in a N2 glove box. The solution 
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was then cooled to the desired reaction temperature, determined by the target particle 

size, and reacted with 130 µL of injected 1M trioctylphosphine telluride for 40 minutes 

while stirring. After reaction quenching, the particles were cleaned and capped with 1-

dodecanethiol ligands. Well-dispersed particles were synthesized in a N2 glove box 

following Shen et al.16 HgCl2 was dissolved in oleylamine as above, cooled to the desired 

reaction temperature, and reacted with 15 µL of injected bis(trimethylsilyl)telluride for 

five minutes while stirring. After reaction quenching, the particles were cleaned and left 

with oleylamine as the surface ligand. All samples were dispersed in tetrachloroethylene 

for measurements and placed either in a glass cuvette with 1 mm path length or a cell 

consisting of two CaF2 windows and a 1.3 mm PTFE spacer. Absorbance values at the 

band edge were typically between 0.09 and 0.15. Samples were not stirred or otherwise 

agitated during measurements. We determined that photopumping did not appreciably 

alter the samples by confirming that photoluminescence intensities and lineshapes were 

effectively identical before and after measurements, negative-time absorption did not 

change before and after data collection sessions, and low-fluence transient data were 

identical before and after high-fluence measurements. 

  Figure 1a shows transient bleaching data for partially aggregated HgTe 

nanoparticles. Auger relaxation is apparent as the faster early-time bleach decay 

appearing with increasing optical fluence. As done previously on similar particles,13 one 

may extract an Auger rate. However, figure 1a shows that the long-time bleach 

magnitude saturates well below half the band-edge absorbance A0 with increasing 

excitation. This implies that Auger is possible at much less than one excitation per dot, in 

conflict with the typical picture of the process. We rationalize this observation by 
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invoking the partially aggregated nature of the solutions studied, which is apparent in 

TEM images. These transient data also suggest that inter-dot electron/hole transfer within 

aggregates is fast enough to allow biexciton relaxation with less than one exciton per 

quantum dot. Although investigating the dynamics of Auger relaxation in partially 

aggregated HgTe CQDs may be of interest, reliable measurements of the intrinsic rates 

require well-dispersed particles. This is provided by a recent synthetic method for well-

dispersed HgTe CQDs of tunable size.16 Representative data for such nanocrystals are 

shown in figure 1b. In these samples, the magnitude of the long-time bleach increases 

with pump fluence as one expects from an increasing population of singly excited 

particles. At a low pump fluence of 26 µJ/cm2, we observe almost no relaxation on the 

timescale of the measurement. Larger optical fluence induces a fast relaxation component 

while the slow relaxation rate remains unchanged. At high fluence, the long-time bleach 

is approximately A0/2 and the early-time bleach is almost 80 % of A0. This behavior 

agrees well with similar Auger measurements in other systems,17–19 and we therefore 

assign the fast relaxation to Auger recombination.    
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Figure 1: Representative transient bleach data plotted as normalized absorbance changes 
ΔA/A0 for (a) aggregated particles (3950 cm-1 band edge) and (b) non-aggregated 
particles (4200 cm-1 band edge) at various pump fluences. The band-edge absorbances, 
A0, were 0.18 (a) and 0.14 (b). Representative TEM images for the particle types are 
inset.15,16 Curves through the data in (b) are convolutions described in the text. 
  

 The data in figure 1b are described well by the convolution of a Gaussian function 

(15 ps full width at half maximum) and a biexponential decay of the form 𝑎!𝑒!!/!! +

𝑎!𝑒!!/!!". Fitting gives 𝜏! = 3100 ps for the exciton lifetime and 𝜏!" = 30 ps for the 

biexciton lifetime. As we discuss later, this biexciton lifetime is much longer than 

expected based on the Auger coefficient of bulk HgTe. One concern, then, is that the 10 

ps pulses used in this experiment do not resolve a much faster Auger relaxation. 

Although this is unlikely given the well-resolved power-dependent decay, we further rule 

this out through a quantitative analysis of the bleach amplitudes. Figure 2 shows how 

1− 𝑎! and 𝑎! vary with pump energy.   
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 To model these amplitudes as a function of the pump energy, we first determined 

the absorption cross section at the pump wavelength of 1053 nm, 𝜎!.  This begins with 

the calculation of the nanocrystal cross section at 415 nm, 𝜎!"#!" , using the particle volume 

and the reported absorption cross section per Hg atom in an HgTe nanoparticle at 415 

nm, 𝜎!"#
!" =  2.6± 0.4 × 10!!" cm2.20 The measured relative absorbances at 415 nm and 

1053 nm then give 𝜎!  via 𝜎! =
!!"#$
!"

!!"#!"  × 𝜎!"#!" . For example, a dot with an interband 

transition at 4200 cm-1 has 𝜎! = 1.9± 0.3 × 10!!" cm2, with the uncertainty due to 𝜎!"#
!" . 

With the particle concentration c and the incident photon fluence I0, the average number 

of excitations per particle is calculated as a function of position z in the sample cell by 

𝜎!𝐼! 𝑒!!!!" . A Poisson distribution of excitation levels21 then gives the local 

concentration of quantum dots in the ground state, 𝑐!, with one exciton, 𝑐!, and two or 

more excitons, 𝑐!, with 𝑐! +  𝑐! +  𝑐! =  𝑐. Due to the doubly degenerate nature of the 

lowest electron state 1Se, dots with one exciton are bleached by half (𝛥𝐴 =  −𝐴! 2), and 

dots with two or more excitons do not absorb at the band edge (𝛥𝐴 =  −𝐴!). Before the 

pump pulse, the absorbance at the band edge is 𝐴! =
!

!" (!")
𝜎𝑐 𝑑𝑧.  Right after the 

pulse, the absorbance is reduced to 𝐴!"#$% =
!

!" (!")
𝜎 (𝑐! +

!!
!
)𝑑𝑧.  At long time, when 

the multiple excitons relax to single-exciton states, the absorbance recovers to 𝐴!"#$ =

!
!" (!")

𝜎 (𝑐! +
!!
!
+ !!

!
)𝑑𝑧 . The ratio 𝐴!"#$/𝐴!  is 1− !!!!!

!
 = 1− 𝑎!, where −  

denotes a spatial average across the sample cell thickness.  As shown in figure 2, 1− 𝑎! 

decreases from one at low power to one-half at high power in both simulation and 

experiment. The ratio (𝐴!"#$ − 𝐴!"#$%)/𝐴!  =  !!
!
= 𝑎!, and represents the early time 
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bleach due to doubly excited quantum dots. This increases from zero to one-half as the 

pump power increases in both simulation and experiment. The good overall agreement 

between simulation and experiment further supports our assignment of the fluence-

dependent bleach decay to Auger relaxation and allows us to rule out the presence of 

faster, unresolved Auger processes. 

 

Figure 2: Experimental (points) and simulated (solid lines) bleaching ratios, giving the 
relative proportions of Auger (blue) and single-exciton (green) contributions to the 
bleach. Experimental data were taken from the dataset shown in figure 1b. Simulations 
used 𝜎! = 1.5 × 10!!" cm2. 
  

 We obtained transient bleach data for particles with band edges ranging from 

2500 cm-1 to 4700 cm-1, and the results are shown in table 1 and figure 3. The exciton 

lifetimes generally shorten with increasing particle size, consistent with decreased 

photoluminescence efficiencies as the gap approaches the mid-infrared.13 In contrast, the 

biexciton lifetimes consistently lengthen with increasing particle size. We find the 

biexciton lifetime to be reasonably linear in r3, where r is the particle radius, in 

agreement with the findings of Robel and co-workers.5 Fitting the data to 𝜏!" = 𝑝𝑟! 

gives a scaling coefficient p of 1.9 ps/nm3 (figure 3). Also shown in figure 3 is the 
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corresponding curve for CdSe, for which p = 5.5 ps/nm3.5 This indicates that for the same 

particle size, biexciton lifetimes are only three times shorter in HgTe than in CdSe. This 

result is remarkable, considering that the Auger rates differ by many orders of magnitude 

in the respective bulk materials.1,5  

 

 

PL (cm-1) radius (nm) biexciton lifetime (ps) exciton lifetime (ps) 

2500 (800) 4.4 (5.0, 3.8) > 80 790	

3600 (600) 3.0 (3.5, 2.6) 50 (56, 45) 1300	

3750 (800) 2.9 (3.3, 2.5) 46 (50, 39) 3000	

3950 (800) 2.7 (3.1, 2.4) 37 (40, 33) 7500	

4050 (800) 2.6 (3.0, 2.3) 34 (39, 31) 3000	

4200 (700) 2.5 (2.7, 2.3) 30 (33, 28) 3100 

4700 (900) 2.1 (2.4, 1.8) 24 (28, 19) 5000	
 
Table 1: Photoluminescence (PL) peaks with full-width half-maxima (FWHM) in 
parentheses. Particle radii were estimated by fitting PL-diameter data,16 giving 
𝑟 = 10.225exp(−3.38𝑚 × 10!!) for the PL value m (cm-1) and particle radius r (nm). 
The bounds on these radii correspond to PL FWHM. Biexciton lifetimes with limits 
reflecting 95% confidence intervals were obtained by fitting the data to biexponential 
decays. Exciton lifetimes were also obtained from the fits. 
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Figure 3: Size-dependence of the biexciton lifetime. Bounds are those from table 1. 
Horizontal error bars reflect the particle size distributions (FWHM), the average sizes 
being known with accuracy comparable to the symbol size. The solid line is the 𝑟! fit 
discussed in the text, and the dashed line is the corresponding curve for CdSe quantum 
dots.5 The rightmost error bars reflect our estimated lower bound for the biexciton 
lifetime of a particle with a 4.4 nm radius, as discussed in the text. 
 

 When performing measurements on larger particles, we could no longer obtain 

fluence-dependent decay curves. Figure 4 shows data for a sample with a 

photoluminescence peak at 2500 cm-1. The bleach increases with pump power as seen in 

4a, but figure 4b clearly shows that the relative amplitudes of the fast and slow decays do 

not depend on pump fluence. The maximum bleach exceeds half the sample optical 

density, supporting the absence of an Auger relaxation much faster than the pulse 

resolution. The curves are well characterized by two unchanged decay components of 22 

and 790 ps, both attributable to non-radiative pathways. It could be the case that these 

reflect two classes of particle, one of which lies closer to the 2900 cm-1 region with a 

known faster non-radiative relaxation via coupling to surface ligand C-H vibrations.13 

Although partial n-doping in small-gap materials and thus negative trion decay is 

possible, it is unlikely in this sample because the photogeneration of trions would still 

produce decay curves that change with pump power.22 We conclude that the biexciton 

relaxation is not resolved in large HgTe quantum dots because it is too slow, and possibly 

masked by the exciton relaxation. We estimate a lower bound for the Auger lifetime by 

fitting the data to a triple exponential decay, and such a fit implies a biexciton Auger 

lifetime longer than 80 ps. This is consistent with the 𝑟! fit in figure 3, and would indeed 
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be difficult to observe on the timescale of our measurements given the presence of other 

relaxation processes.  

 

Figure 4: Transient data for well-dispersed particles with a 2500 cm-1 band edge (a), and 
the same three curves normalized to their magnitudes at 360 ps (b). A0 was 0.19.  
  

 We now compare the Auger relaxation rates in HgTe quantum dots to those of 

bulk Hg1-xCdxTe with similar gap. In bulk semiconductors, the Auger carrier loss is cubic 

in the carrier density and characterized by Auger coefficients CA associated with different 

possible combinations of electrons and holes. In nanoparticles, CA relates the biexciton 

lifetime 𝜏!"  to the particle volume V by 𝐶! =
!!

!!!"
.21 For a variety of quantum dot 

materials, CA has been observed to scale as 𝐶! = 𝛾𝑟!.5 The data in figure 3 correspond to 
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𝛾 = 1.2 × 10!! cm3/s and Auger coefficients from 0.7 × 10!!" cm6/s at 2.1 nm radius to 

3 × 10!!" cm6/s at 3.0 nm radius. Using the value of 𝛾 and extrapolating to 0.12 eV 

bandgap (r ≈ 7.2 nm) gives 𝐶! = 4 × 10!!" cm6/s for an HgTe nanoparticle. This is 

three orders of magnitude smaller than for bulk HgCdTe with the same gap, 10!!" 

cm6/s.1 We therefore find that Auger relaxation is very strongly suppressed in HgTe 

CQDs relative to bulk HgCdTe. For applications in mid-infrared detection, the slower 

Auger relaxation is an intrinsic advantage of the HgTe colloidal quantum dots that should 

allow higher operating temperatures than bulk HgCdTe. 

 In summary, we presented an experimental study of Auger relaxation in HgTe 

colloidal quantum dots. Time-resolved bleaching experiments revealed conspicuously 

different relaxation dynamics between aggregated and non-aggregated HgTe, and we 

concluded that aggregated particles are not amenable to a quantitative study of Auger 

rates by transient bleaching. Measurements on well-dispersed particles allowed us to 

determine the Auger lifetime as a function of particle size. The magnitude and scaling of 

the Auger lifetime agree well with trends observed in other colloidal quantum dot 

systems, and our measurements extend these trends to the mid-infrared. We showed that 

Auger relaxation in HgTe nanoparticles is suppressed relative to bulk HgCdTe by three 

orders of magnitude. The much slower Auger relaxation in HgTe colloidal quantum dots 

versus bulk infrared materials is a fundamental benefit for infrared detection and lasing. 
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