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 Competition between Auger Recombination and 
Hot-Carrier Trapping in PL Intensity Fluctuations of Type 
II Nanocrystals  

   Benjamin D.    Mangum     ,        Feng Wang          ,        Allison M. Dennis          ,        Yongqian  Gao         ,        Xuedan Ma          ,    
    Jennifer A. Hollingsworth          ,       and        Han    Htoon   *   

  1.     Introduction 

 Chemically synthesized core/thick-shell nanocrystal quantum 

dots (NQDs), [ 1,2 ]  which we have dubbed “giant” NQDs 

(g-NQDs) due to their relatively large size, are rapidly 

emerging as a new class of NQD possessing tremendous 

potential for applications, including bio-imaging/tracking, [ 3–6 ]  

solid-state lighting, [ 7,8 ]  lasing, [ 9 ]  and single/entangled-photon 

generation. [ 10,11 ]  The prototype g-NQDs, (CdSe/CdS core/

shell), have been repeatedly shown to afford unique and 

useful photophysical properties, including signifi cant sup-

pression of photoluminescence (PL) intermittency (blinking) 

and photo-bleaching [ 1,2,4,6,12 ]  and more recently, fully non-

blinking behavior, [ 13 ]  along with environmentally independent 

quantum yields in emission [ 1,6 ]  and highly effi cient multiex-

citon emission. [ 14 ]  The latter, at least, is directly tied to a strong DOI: 10.1002/smll.201302896

 Performing time-tagged, time-correlated, single-photon-counting studies 
on individual colloidal nanocrystal quantum dots (NQDs), the evolution of 
photoluminescence (PL) intensity-fl uctuation behaviors in near-infrared (NIR) 
emitting type II, InP/CdS core–shell NQDs is investigated as a function of shell 
thickness. It is observed that Auger recombination and hot-carrier trapping compete 
in defi ning the PL intensity-fl uctuation behavior for NQDs with thin shells, whereas 
the role of hot-carrier trapping dominates for NQDs with thick shells. These studies 
further reveal the distinct ramifi cations of altering either the excitation fl uence or 
repetition rate. Specifi cally, an increase in laser pump fl uence results in the creation 
of additional hot-carrier traps. Alternately, higher repetition rates cause a saturation 
in hot-carrier traps, thus activating Auger-related PL fl uctuations. Furthermore, 
it is shown that Auger recombination of negatively charged excitons is suppressed 
more strongly than that of positively charged excitons because of the asymmetry 
in the electron–hole confi nement in type II NQDs. Thus, this study provides new 
understanding of how both NQD structure (shell thickness and carrier-separation 
characteristics) and excitation conditions can be used to tune the PL stability, with 
important implications for room-temperature single-photon generation. Specifi cally, 
the fi rst non-blinking NQD capable of single-photon emission in the near-infrared 
spectral regime is described. 
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suppression of non-radiative Auger recombination (AR) that 

is also characteristic of these NQDs. [ 9,12,14–16 ]  In addition, com-

pared to standard NQDs (i.e., core only or core/thin-shell 

NQDs), the improved photostability of thick-shell CdSe/CdS 

NQDs has permitted studies that have revealed in detail the 

infl uence of the shell thickness on the electronic structure, [ 17 ]  

as well as the mechanisms responsible for the suppression 

of AR and blinking. [ 18–21 ]  Furthermore, g-NQDs possess an 

enhanced solid-state performance [ 7 ]  and minimal self-reab-

sorption, [ 8 ]  which are key attributes for applications in, for 

example, solid-state lighting. However, CdSe/CdS g-NQDs are 

limited with respect to their spectral tunability, where core-

size tuning yields wavelengths from about 610–685 nm, [ 13 ]  in 

contrast with conventional core-only or thin-shell CdSe-based 

NQDs, which are well known for their ability to be tuned 

across the visible spectrum by simple core-size tuning. 

 Extending the non-blinking emission and AR suppression 

to other regimes of the electromagnetic spectrum is an essen-

tial step in realizing the potential of the g-NQD approach for 

a variety of technological applications. Particularly, g-NQDs 

capable of emitting in the near-infrared (NIR) could bring 

breakthroughs in biomedical imaging and laser media as well 

as single/entangled photon sources operating at telecommu-

nication wavelengths. To this end, we recently synthesized a 

new g-NQD based on an InP core that was overcoated with 

a CdS shell of up to 10 monolayers (MLs) thick. [ 22 ]  Non-

blinking excitonic emission and a strong suppression of AR 

were observed for the fi rst time in the NIR spectral range of 

800–1300 nm from these new g-NQDs. [ 22,23 ]  

 In contrast to the well-studied CdSe/CdS g-NQDs, which 

are characterized by a quasi-type II energy-band alignment, 

InP/CdS g-NQDs are characterized by a pure type II band 

structure. In this case, electrons and holes are confi ned sepa-

rately in the CdS shell and InP core of the core–shell structure, 

respectively. [ 22 ]  Therefore, emission stems from the indirect 

recombination of an electron–hole pair across a staggered 

band alignment with its energy smaller than the bandgap of 

either the core or the shell component. Such “indirect emis-

sion” is known in the NQD literature, [ 24–26 ]  and often affords 

near infrared PL. [ 27–32 ]  However, prior to our study, [ 22 ]  there 

have been no reports on type II emission properties at the 

single-NQD level because of rapid photo-bleaching and/or 

insuffi ciently bright emission, which are apparently “inherent” 

to these systems. [ 33 ]  Unlike the earlier type II systems, the 

new InP/CdS NQD system afforded a highly stable PL, which 

provided a unique opportunity to investigate the infl uence of 

type II band alignment coupled with shell thickness on biex-

citon lifetimes and mechanisms responsible for blinking. [ 22 ]  

 Recently, we have shown that PL intensity fl uctuations in 

a CdSe/CdS g-NQD system can occur via two distinct mecha-

nisms, denoted as A-type and B-type blinking. [ 20 ]  A-type 

blinking is characterized by the correlated fl uctuation of PL 

intensity and lifetimes and is attributed to switching between 

neutral (X 0 ) and various negatively charged exciton states (e.g., 

X − , X 2− ), which have both a lower emission quantum yield 

(QY) and a faster PL decay due to AR. [ 34 ]  The transition from 

the X 0  to the X −  and X 2−  states in this process is believed to 

occur via the ejection of one or more holes through an AR 

event following NQD excitation to a bi-exciton (BX) or higher 

order multiexciton state. [ 34,35 ]  B-type blinking on the other hand 

shows fl uctuations only in the PL intensity, whereby the life-

time remains constant. We explained this phenomenon in terms 

of the trapping of hot electrons followed by a nonradiative 

recombination facilitated by surface defects. [ 20 ]  Later, Qin et 

al. showed that B-type blinking can also occur via nonradiative 

recombination at deep hole traps created by surface oxidation 

following the photoionization of a hole. [ 36 ]  However, for this 

model to be fully consistent with B-type blinking, the holes are 

required to be trapped prior to their relaxation to the lowest 

excitonic state (i.e., trapping of “hot holes”), as the trapping 

of holes after energy relaxation could introduce a fast compo-

nent in the PL decay of the exciton similar to that observed in 

A-type blinking. Regardless, as the latter two processes differ 

mainly in the type of hot carrier (electron or hole), we refer to 

both of them here as ‘hot-carrier trapping’ processes. 

 In this work, we have investigated the infl uence of NQD 

structural factors, as well as the experimental conditions during 

NQD excitation, on whether AR or hot-carrier trapping pro-

cesses dominate in determining the stability of NQD PL. Specif-

ically, we have assessed the impact of shell thickness in the case 

of the fully type II InP/CdS system, coupled with experimental 

parameters, such as the pump fl uence (i.e., energy per pulse per 

unit area) and repetition rate in single-dot time-tagged, time-

correlated, single-photon-counting experiments. Signifi cantly, 

we reveal specifi c combinations of shell thickness and excita-

tion parameters that allow us to directly tune the balance of the 

two processes, with clear implications for the ultimate goal of 

achieving a perfectly stable near-IR single-photon emitter.  

  2.     Results and Discussion 

  2.1.     Infl uences of Shell Thickness on Suppression of PL 
Intensity Fluctuations 

 We fi rst assessed the variation of PL intensity fl uctuation 

characteristics for g-NQD samples of different shell thickness. 

To compare these properties at similar photo-generated elec-

tron-pair populations (in the order of 0.1), we adjusted the 

pump fl uence of the laser excitation according to the volume 

of the g-NQDs.  Figure    1  a,b displays representative time traces 

for two g-NQDs together with the background threshold 

levels. Traces similar to these allow us to extract the “on” 

time fraction, or the fraction of time the g-NQD emits above 

a threshold background level. Data points for 70 g-NQDs 

plotted as a function of g-NQD shell thickness show a wide 

variation in the on-time fraction at all three shell thicknesses 

(Figure   1  c). However, the population fraction of g-NQDs 

showing strong blinking (on-time fraction <50%) decreases 

from around 40% to around 10% as the shell thickness is 

increased from 4 to 10 ML (blue data points). Correspond-

ingly, the population fraction of the g-NQDs showing >70% 

on-time fraction increases with shell thickness (black data 

points). These fi ndings are consistent with values reported in 

our previous study, which were based on 11 g-NQDs. [ 22 ]   

 The on-time fraction, however, is not enough to fully char-

acterize the blinking property of these g-NQDs. For example, 

even among the g-NQDs showing a very high on-time 
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fraction, some showed a very stable PL emission with an 

intensity distribution approaching the Poissonian distribution 

of a shot-noise limited system, whereas others show a much 

wider intensity distribution. The PL time traces and intensity 

distribution histograms of two g-NQDs exemplifying this 

type of variation are displayed in  Figure    2  a–d. To further 

characterize this PL fl uctuation behavior, we calculated the 

Mandel Q parameter, which provides a measure of the varia-

tion in PL intensity distribution from the Poissonian distribu-

tion for each PL time trace (i.e., ( ) /2 2Q n n n= − , where 

 n  represents the number of PL counts measured within the 

100 ms time bin), [ 37 ]  and plotted its values in Figure  2 e. The 

data show that although the population fraction of g-NQDs 

having a narrow intensity distribution approaching the Pois-

sonian limit (i.e., Q<3: blue data points of Figure  2 e) increases 

from 0% at 4 shell MLs to ca. 20% at 10 shell MLs, that of 

the g-NQDs with wide intensity distribution (Q>10 black 

data points of Figure  2 e) decreases from 60% to 40%. These 

facts, together with the data displayed in Figure  1 , highlight 

the benefi ts of a thick shell for suppressing the blinking in 

InP/CdS NQDs.   

  2.2.     Strong Potential for Room-Temperature Single-Photon 
Generation 

 Although our g-NQDs display widely differing on-time 

fractions and Q values, our 2 nd  order photon-correlation 

(g (2) ) spectroscopy study reveals that all of our g-NQDs 

exhibit a very strong photon antibunching, signifi ed by a 

near-complete disappearance of the center peaks in the g (2)  

functions.  Figure    3  a–c displays the g (2)  functions of three dif-

ferent g-NQDs. The areas of the center peaks for these three 

g-NQDs as well as all the other g-NQD investigated are less 

than 5% of that of the side peaks. This very high degree of 

photon antibunching further indicates a very low probability 

of multi-exciton emission and therefore a high potential for 

room-temperature single-photon generation, which holds the 

key to realizing eavesdropping-proof quantum communica-

tion. [ 38,39 ]  (The mechanism responsible for this low multi-

exciton emission effi ciency is discussed in the subsequent 

sections)  

 Although room-temperature single-photon generation 

has been observed before in standard core–shell NQDs, [ 40 ]  

these NQDs have never been considered seriously for these 

applications because of their rapid PL intensity fl uctuations 

(blinking). However, the PL time traces of the representative 

g-NQDs (Figures  3 d–f), as well as the statistics of Figure  2 e, 

show that very stable, near-shot-noise limited PL emission 

(Q<3) with on-time fractions >95% is possible in about 20% 

of our g-NQD population. This population fraction can be 

improved toward unity through optimization of the shell 

growth as has been recently demonstrated in prototyped 

CdSe/CdS g-NQD systems. [ 13 ]  Additionally, the emission of 

our type II g-NQDs already covers the telecommunication 

wavelength of 1.3 μm and should be extendable toward 1.5 μm, 
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 Figure 1.    PL time traces of two g-NQDs that are “ON” for a) 100% and b) 48% of the time. c) On-time fraction of different g-NQDs plotted as a 
function of their shell thickness (red circles). The g-NQDs displayed in (a) and (b) are marked by black circles. The population fraction of g-NQDs 
with on-time fraction >95% (green triangles), >70% (black triangles) and <50% (blue trangles).
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another telecommunication band, by tuning the g-NQD core-

size and/or composition. Our g-NQDs therefore are endowed 

with a unique combination of fl uctuation-free NIR PL emis-

sion and a low-multiexciton emission probability, both of 

which are ideally suited for room-temperature single-photon 

generation. Furthermore, our g-NQDs demonstrate a much 

greater potential benefi t for single-photon source applica-

tions compared to a CdSe/CdS dot-in-rod system, which has 

recently been proposed for the same application based upon 

its ability to emit single photons and nonblinking PL in the 

red spectral range (ca. 600 nm). [ 41 ]   

  2.3.     Competition between Auger Recombination and Hot-
Carrier Trapping 

  2.3.1.     Infl uence of Shell Thickness 

 We analyzed the fl uorescence lifetime intensity distribution 

(FLID) maps of individual g-NQDs as a function of their 

shell thickness to assess the impact of shell thickness on the 

apparent competition between AR and hot-carrier trapping 

in blinking. In the case of A-type blinking, which is controlled 

by AR, the correlated fl uctuation of the PL intensity and the 

lifetime gives rise to FLID maps that spread diagonally down-

ward ( Figure    4  a). In the case of B-type blinking controlled by 

hot-carrier trapping, FLID maps spread vertically downward 

(Figure  4 b). In Figure  4 e, we plot the g-NQD population frac-

tions for these two types together with those for g-NQDs 

showing both types of blinking (Figure  4 c), as well as those 

for fl uctuation-free g-NQDs (Figure  4 d). The plot clearly 

indicates a decrease in the population fraction of g-NQDs 

showing A-type blinking, suggesting a lesser role of AR in 

blinking of thick-shell NQDs. We also observed an increase 

in the population fraction of NQDs showing B-type blinking. 

This increase, however, is accompanied by a decrease in the 

population showing both types of blinking (A+B). The sum 

of the NQD population fraction showing B-type alone and 

(A+B)-type remains constant for all shell thicknesses (76%, 

72%, and 78% for 4, 7, and 10 shell layers, respectively). 

This fact suggests that the decrease in the A+B population 

is mainly the result from suppression of A-type blinking 

and more importantly, the infl uence of the B-type blinking 

remains nearly constant for all the shell thicknesses we inves-

tigated in this study. As the trapping of hot carriers in B-type 

blinking occurs at the surface defects, a thick shell providing 

better isolation of the carriers from the surface should in 

principle suppress B-type blinking. However, our prior study 
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 Figure 2.    a,b) PL time traces of 2 g-NQDs that are on for more than 90% of the time and c,d) their PL intensity distributions (red trace) compared 
with the Poissonian distribution of detector shot noise (blue trace). e) Mandel Q parameters of different g-NQDs plotted as a function of their shell 
thickness (red circles). Population fraction of g-NQD with Q value >10 (black triangles), <5 (green triangles) and <3 blue trangles.
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on CdSe/CdS g-NQDs revealed that this type of suppression 

required 12 ML or thicker shells. [ 20 ]  As our InP/CdS g-NQDs 

in this study are coated with ≤10 ML-thick shells, it is per-

haps not surprising that B-type blinking remains active. That 

said, as revealed in our prior ensemble-level time-resolved 

PL study, [ 22 ]  such shell thicknesses are able to afford a nearly 

two order of magnitude suppression in the AR of BX. It is 

likely that a similarly strong suppression can also be expected 

for the AR of charged excitons, explaining the disappearance 

of A-type blinking with the increase in shell thickness up to 

10 MLs.   

  2.3.2.     Infl uence of Pump Power and Laser Repetition Rate 

 We further investigated the infl uence of the pump power 

and laser repetition rate on the competition between the AR 

and hot-carrier trapping processes in PL fl uctuations. The 

pump dependence of the blinking traces and FLID maps of a 

g-NQD showing A-type blinking are displayed in  Figure    5  a,b 

and  5 c,d respectively. As observed in earlier NQD blinking 

studies, [ 35,42–45 ]  the g-NQDs blink more rapidly and the PL 

intensity distribution widens at higher pump powers because 

of an increase in photo-ionization probability. The decay of 

the total PL signal (black curve) at the highest pump power 

and the decay extracted for the highest and lowest PL inten-

sity ranges marked in Figure  5 d (i.e., 18–20 KHz (blue curve), 

5–7 KHz (red curve), respectively) are displayed in Figure  5 e. 

The fast-decay component observed in the 0–70 ns range 

(inset) of the total PL decay grows stronger with the laser 

pump power (not shown). It is therefore attributed to the 

decay of multiexciton states. Its decay constant of around 3.0 ns 

is also in reasonable agreement with the lifetime of BXs 

reported in our prior study. This fast component also appears 

in the decay curve extracted for the highest PL inten-

sity range (blue curve), which can be fi tted with a double 

exponential with time constants of 3.3 ns and 527 ns. We 

assigned the slower time constant of 527 ns to the radiative 

lifetime of the neutral exciton. The decay curve extracted for 

the lowest PL intensity can, however, be fi tted with a triple 

exponential function yielding 2.0, 8.28, and 180 ns time con-

stants with the two fast components being responsible for 

about 75% of the time-integrated PL signal. We believe that 

the decay of X −  is responsible for the slowest time constant 

of 180 ns, whereas the decays of the charged bi-exciton (BX − ) 

and other higher order charged excitons (X 2− , X 3− , etc.) com-

bined together give rise to the two fast-decay components. 

Assigning these fast-decay components to a single specifi c 

process is not possible. Using the principle that a radiative 

lifetime of an X −  should be 2 times faster than that of a neu-

tral exciton (i.e., 20
R
x

R
xτ τ= −

), [ 19,46,47 ]  and also understanding 

the relations between the lifetime and quantum yield (i.e., 
x

Auger
x

R
x1/ 1/ 1/τ τ τ= +− − −

 and QYx R
x x/τ τ=−

− −
), [ 19,47,48 ]  we can 

estimate QYx− to be 70% for xτ −
and 0

R
xτ  of 180 ns and 527 ns 

respectively. This high QYx− value further indicates a suppres-

sion in the AR of the X −  state. The observed PL intensity of a 

low-emissive state, however, is decreased due to the contribu-

tion of higher order charged excitons and biexcitons, which 

are expected to have a much lower quantum yield. [ 49 ]   

 Similar to the case of CdSe/CdS g-NQDs, [ 10,11,18 ]  X 0  state 

lifetimes of our g-NQDs are observed to vary widely in the 

range of 100 to 550 ns regardless of their shell thickness. Due 

to this wide variation, X −  state lifetimes are also distributed 

widely, from 50 to 200 ns. As a result we were not able to 

establish a meaningful correlation between the X −  lifetimes 

and the shell thickness. Nevertheless, these very long X −  life-

times suggest that the AR is somewhat suppressed for nega-

tively charged excitons. On the other hand, our previous 

ensemble-level time-resolved PL (TRPL) study revealed 

that although the AR of BX in thick-shell (10 ML) samples 

is strongly suppressed compared to that of the thin-shell 
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 Figure 3.    a–c) g (2)  traces of three different g-NQDs showing near complete photon-antibunching. d–f) PL time traces of g-NQD shown in (a)–(c). The 
on-time fraction of all three g-NQD was >90%. The blue dotted line indicates the background level.
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(4 ML) sample, the BX lifetime of the thickest shell (10 ML) 

samples is observed to be only 7 ns, which is signifi cantly 

shorter compared to the lifetimes of the X 0  and X −  states. In 

accordance with this lifetime our quantum-yield measure-

ment for the BXs via 2 nd  order photon-correlation spectros-

copy [ 12,16,18,50 ]  yielded a very strong photon anti-bunching 

(Figure  3 a-c) corresponding to very low BX QY values of 

<5% for almost all the g-NQDs we have investigated. These 

facts suggest that AR is not as suppressed in BX as it is in 

X − . Because the AR rate of BX is defi ned by the sum of 

the AR rates of the negatively and positively charged exci-

tons (i.e., Γ BX,A  = 2 Γ X  −  ,A  +2 Γ X  +  ,A ), [ 19,47,48 ]  we conclude that 

although the AR of the X −  state may somewhat be sup-

pressed, the AR of the X +  state remains strong and defi nes 

the decay rate and low QY of the BX state. The existence 

of such asymmetry in AR processes have been reported 

in several prior studies [ 19,47 ]  and attributed, in the case of 

CdSe/CdS g-NQDs, to the asymmetry in the band offset of 

the CdSe/CdS system, which allows partial delocalization of 

the electrons to the thick shell whereas holes are strongly 
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 Figure 4.    FLID maps of 4 different g-NQDs showing a) A-type blinking, b) B-type blinking, c) both types of blinking, and d) complete suppression 
of intensity fl uctuation. e) Population fraction of g-NQDs exhibiting A-type blinking (red triangles), B-type blinking (blue triangles), both types of 
blinking (green triangles), and complete suppression of blinking characterized by Q values less than 3 (black triangles).
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localized in the core. [ 19 ]  As the type II band alignment of 

our InP/CdS system further accentuates this carrier-separa-

tion effect, a stronger asymmetry in AR is indeed expected 

in our system. 

 In B-type blinking, hot-carrier trapping is followed by 

the non-radiative recombination of the trapped carrier with 

the opposite carrier left behind in the core of the NQD. 

When the carriers are photo-generated at a very high rate, 

the traps can be fi lled at a rate faster than the rate of this 

non-radiative recombination process. This can lead to the 

saturation of available hot-carrier traps and suppression of 

B-type blinking. At that stage, the probability of populating 

the lowest emitting state with BX will increase and A-type 

blinking will become active when the AR of the BX leads 

to charging of the g-NQD. This dramatic transition from 

B-type to A-type blinking is observed when the repetition 

rate of the laser excitation is increased 

whereby the pump fl uence is kept con-

stant. A representative data set is shown 

in  Figure    6  . At the low repetition rate 

of 200 kHz, the FLID of Figure  6 b 

shows a vertical spread of distribution 

around the average decay rate of 400 ns 

indicating B-type blinking. Whereas the 

FLID of Figure  6 d taken on the same 

g-NQD but at a repetition rate of 

400 kHz shows a diagonal distribution 

with around 400 ns and <200 ns for the 

highest and lowest PL emission levels, 

respectively. This correlated fl uctuation 

of the intensity and lifetime points to a 

suppression of B-type blinking and an 

emergence of A-type blinking. At this 

repetition rate, the pulse to pulse sepa-

ration of 2.5 μs is longer than the 400 ns 

average PL lifetime of the g-NQD by a 

factor of 6, and allows complete relaxa-

tion of the exciton population to the 

ground state. The BXs responsible for 

charging of the g-NQD via their AR are, 

therefore, not formed in two successive 

excitations but are created by a single 

laser pulse. Although the probability of 

generating two excitons depends only 

on the pump fl uence, which remains con-

stant for the two repetition rates in this 

experiment, BXs cannot be formed effi -

ciently at the low repetition rate because 

of hot-carrier trapping. Their formation 

becomes effi cient enough to activate 

A-type blinking only after saturation of 

the traps at the high repetition rate.  

 As both the repetition rate ( R ) and 

pump fl uence ( f ) contribute equally to the 

exciton generation rate as  σ·f·R  where  σ  is 

the absorption cross section of the g-NQD, 

it is reasonable to expect a similar B-type 

to A-type transition with an increase 

in pump fl uence. On the contrary, we 

observed that B-type blinking is maintained over more than 

one order of magnitude change in pump power, whereas the 

blinking becomes more rapid and the intensity fl uctuation 

range widens. The pump-dependent evolution of the PL time 

traces and FLID maps demonstrating this behavior are dis-

played in  Figure    7  a–f. The PL time traces show that blinking 

becomes more rapid and the range of intensity fl uctuation 

(i.e., PL max  –PL min ) widens from around 1 KHz to more than 

5 KHz as the pump fl uence is increased by more than one 

order of magnitude. The FLID maps (Figure  7 e,f), on the 

other hand, spread only in the vertical direction keeping 

the distribution of lifetimes essentially unchanged in the 

250–350 ns range (white dashed lines). These data confi rm 

that no charge-fl uctuation-related lifetime fl uctuations were 

introduced and B-type blinking strengthens with an increase 

in pump fl uence.     
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 Figure 5.    a,b) PL time traces and c,d) FLID maps of a single g-NQD taken at the relative pump 
fl uences of 0.1 (a,c) and 1.0 (b,d). e) PL decay curves of the total PL signal (black trace) and 
high (blue) and low (red) PL emission ranges marked with dotted lines in (d). Light blue and 
gray traces are the double and triple exponential fi ts for the respective decay curves. Inset: 
Expanded view of the fi rst 80 ns of the main plot.
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  3.     Conclusions and Summary 

 Our fi ndings suggest that although exci-

tation at higher repetition rates can lead 

to a saturation of hot-carrier traps, an 

increase in pump fl uence generates more 

hot-carrier traps. This may result from 

photo-induced desorption or destruction 

of ligand molecules that passivate the 

surface of the g-NQDs. However, such 

a destruction of the ligand shell usually 

leads to permanent photobleaching rather 

than a reversible increase and decrease 

of the blinking as we have observed 

here. Very recently, theoretical studies of 

O. Voznyy et al. have revealed that surface 

traps can be formed not only during NQD 

growth, but they can also occur dynami-

cally in a fully formed NQD in response 

to a variation in carrier population in a 

band. [ 51 ]  The study further pointed out 

that such a variation can be triggered by 

photo-excitation. This dynamical trap for-

mation can therefore explain our observa-

tions. Additionally, in the deep-hole trap 

model, which W. Qin et al. proposed to 

explain B-type blinking, the formation of 

deep traps are initiated by the photoioni-

zation of a hole in the BX AR, [ 36 ]  there-

fore an increase of the pump fl uence can 

give rise to the creation of more deep 

traps. 

 In summary, our study reveals that 

although AR and hot-carrier trapping 

compete in defi ning the PL-intensity fl uc-

tuation behavior of our type-II g-NQDs 

with thin shells, the role of AR dimin-

ishes and that of hot-carrier trapping 

becomes more dominant with increasing 

shell thickness. Exciting the g-NQD at 

a higher repetition rate saturates the 

hot-carrier traps and suppresses B-type 

blinking. This process makes g-NQDs 

more prone to photo-induced charging 

and enhances the likelihood of A-type 

blinking. In contrast, we observe that 

an increase in pump power strengthens 

B-type blinking through the creation of 

more hot-carrier traps. We tentatively 

attribute the dynamical formation of 

traps and Auger-induced formation of 

deep-hole traps as possible mechanisms 

for the photo-generation of hot-carrier 

traps. In addition to these insights into 

the PL-intensity fl uctuation processes, 

our study reveals several benefi ts of thick 

shells in achieving the complete suppres-

sion of PL-intensity fl uctuations in NIR 

emitting, type-II NQDs.  

 Figure 7.    FLID maps (a–c) and PL time traces (d–f) of a single g-NQD acquire at 3 different 
relative pump fl uences of a) 0.1, b) 0.3, and c) 1.0. These data sets were selected out of 12 
pump-dependent measurements performed on a single g-NQD at the repetition rate of 200 KHz.

 Figure 6.    PL time traces (a,c) and FLID maps (b,d) of a single g-NQD acquired at the laser 
repetition rates of 200 KHz for (a,b) and 400 KHz for (c,d).
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  4.     Experimental Section 

  Synthesis of InP/CdS Core–Shell g-NQDs : A detailed procedure 
for the synthesis of InP/CdS core–shell g-NQDs was provided in 
our prior publication. [ 22 ]  Briefl y, we fi rst synthesized InP cores from 
indium myristate and tris(trimethylsilyl)phosphine [(TMS) 3 P] in 
octadecene (ODE) and oleylamine solutions by adapting the pro-
cedure reported by R. Xie et al. [ 52 ]  Taking care to avoid exposure 
to air and light prior to shell growth, CdS shells were then added 
using a modifi ed successive ionic layer adsorption and reaction 
(SILAR) approach. Cadmium oleate in oleic acid (0.2  M  Cd(OA) 2 , 
1:4 Cd/OA) and sulfur in ODE (0.2  M ) comprised the cation and 
anion precursor solutions, respectively. To avoid etching of the 
InP cores, the fi rst shell monolayer was added at a lower tem-
perature compared to subsequent monolayer additions (150 °C 
compared to 240 °C, respectively). After addition of the fi rst, “pro-
tective” monolayer, the higher reaction temperature allowed the 
growth of a high-quality thick shell, which was also supported by 
long annealing times of around 2.5 h following each addition of 
Cd(OA) 2  and around 1 h following each addition of sulfur. Large 
samples of the reaction solution were taken after 1, 4, 7, and 
10 shells and stored “raw”, i.e., in the reaction solution, at 4 °C. 
Such raw samples could be worked up and analyzed as being 
“fresh” even months after the synthesis was completed without 
compromising on the sample quality. The size of the resulting 
NQDs was determined by the analysis of transmission electron 
microscopy (TEM) images for hundreds of dots. A JEOL 2010 oper-
ating at 200 kV was used to perform the TEM studies. 

  Single NQD Time-Tagged, Time-Correlated PL Experiments : 
A home-built laser scanning confocal microscope equipped with 
a 1.3 NA, 100× oil immersion objective was used to perform 
single-dot spectroscopy. g-NQDs were sparsely dispersed on a 
coverslip with a concentration of roughly 1 g-NQD per 5 square 
micrometers area. A 405 nm ps diode laser was focused to a dif-
fraction limited spot (ca. 300-nm diameter) to excite the g-NQDs. 
The PL signal was directed to 2 avalanched photo diodes (APDs) 
forming a Hanbury-Brown-Twiss spectrometer. PL-intensity time 
traces, fl uorescence lifetime-intensity distributions (FLIDs), and 
2 nd  order photon-correlation traces were collected simultaneously 
using Picoquant Hydra-Harp time-correlated photon-counting elec-
tronics and custom-made analysis software. Our APDs allowed us 
to detect PL emission down to 950 nm covering more than 40% 
of the total emission spectrum (800–1300 nm). When the time-
resolved PL experiments on our g-NQD fi lms were performed 
using a photomultiplier tube (PMT) with InGaAs cathode that was 
sensitive down to 1400 nm, we observed decay curves that were 
nearly identical to those measured with our APDs. [ 22 ]  This fact sug-
gests that the PL-decay dynamics and emission characteristics 
of our g-NQDs do not vary across the broad emission spectrum 
and therefore the use of APDs with a limited detection range was 
suffi cient.  
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