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Abstract

Exploring the dynamics of photoexcited electrons and holes in green I-III-VI ternary

quantum dots (QDs) is of utmost necessity to design and improve its functionality

and applicability in devices. Here, we have studied the dynamics of photoexcited

nascent carriers in CuInS2/ZnS (CISZ) core-shell QDs as a potential excited state

electron donors using picosecond time-resolved emission and femtosecond transient ab-

sorption (fsTA) spectroscopy techniques. The emission decay measurements conducted

in the 460–660 nm wavelength range allowed us to distinguish between emission due to

electron-hole recombination at conduction (CB) and valence bands (VB), respectively,

and due to recombination of the CB electrons and holes at the self-trapped states

(Cu1+ centers). The excited state electron transfer (ET) was studied by attaching

anthraquinone-2-carboxylic acid (AQ) electron acceptor to the QDs.The ET from the

CB of CISZ QD to AQ was confirmed by the fsTA studies, which revealed formation

of characteristic anion (AQ– ) band at 600 nm. The ET time constant was estimated

to be 1.5 ps in ideal one-to-one CISZ-AQ complex, and the charge recombination takes
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place with time constant > 5 ns at delay times beyond the fsTA instrument reach. We

propose that such a long lifetime of the charge separated state is achieved after the

hole localization at the (Cu1+) defect, which effectively decouples the hole at QD and

the electron at AQ.

Introduction

I-III-VI ternary quantum dots (QDs) dragged the attention of photonic research community

over II-VI QDs owing to their green nature and unique photophysical behaviors which make

them promising materials for solar cells, photocatalysis, light emitting diodes, imaging etc.1–6

The photophysical properties of the green I-III-VI ternary QDs are quite distinguished from

other Cd and Pb chalcogenide-based nanocrystals (NCs). The unusual photophysical prop-

erties of the ternary systems regardless of size and composition such as large Stokes shift

along with a very broad emission band are due to their complicated lattice structure as two

different Cu1+ ans In3+ cations are involved in the bond.7,8 Following photoexcitation, the

generated electron (e−) - hole (h+) pair is involved in different types of photophysical ac-

tivities including carrier cooling, carrier trapping, and carrier recombination, which control

the performance of the QD devices and can be explored by ultrafast transient absorption

spectroscopy. The radiative and non-radiative recombination have several manifestations

by different spectroscopy techniques such as 1) recombination through band edge (BE) and

surface trapped,9,10 2) radiative recombination between e− and trapped h+,11,12 3) radiative

recombination between h+ and trapped e−,6,13 4) recombination through the dark and bright

state, etc.8,14

The QDs having a very large surface-to-volume ratio are very prone to generate surface

traps owing to unsaturated dangling bonds on the surface, and it can be either e− or h+

traps, or both depending upon the nature of the surface.15,16 In addition to this surface state,

some intrinsic inter band trapped states are generated in the I-III-VI QDs due to the use of

different cation and their stoichiometry ratio which provides a degree of freedom in optimizing
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the photophysical properties of these green light antenna materials.17–19 These states drive

the photophysical properties of the I-III-VI QDs, resulting in very broad photoluminescence

band with large Stoke’s shift.20–22 The most debated topic of this material is the different

types of recombination such as trapping at the surface and intrinsic states, radiative and

non-radiative recombinations which are long-term riddles for this type of QDs.

Several controversial explanations for different radiative and non-radiative transitions

based on time-resolved emission and absorption spectroscopy measurements were proposed.

The pump-probe studies detected both radiative and non-radiative transition due to delo-

calized e−–localized h+ recombination and e− trapping, respectively.23 The broad emission

was explained by the combination of two distinct transitions such as band edge and surface

recombination as explained by Seongkyu et. al.24 Two different transitions were assigned

to excitonic and Cu-related sub-band gap state by Danilo et. al.22 The in situ photolu-

minescence spectro-electrochemical measurement were used to determine the radiative re-

combination between delocalized e− and the trapped h+, and simultaneously, both the dark

and bright nanocrystals were also detected by the Arjan group.8 Recently, the temperature

and applied magnetic field-dependent photoluminescence studies led to conclusion that the

radiative recombination is due to recombination of delocalized e− and localized h+ at Cu1+

center.14

Despite debated unusual photophysical behavior, these ternary green QDs have shown

quite good power conversion efficiency in quantum dots-sensitized solar cells and photocatal-

ysis. These green QDs are extensively used in CO2 reduction in the QDs-metal-porphyrin

nanocomposite, where these QDs are used as the light antenna and the e− donor to activate

porphyrin catalyst.2,25 Despite many assumptions, hypotheses, and several controversial ex-

planations supported by some spectroscopic data on the e− and h+ recombination process,

there is no common consensus on the mechanism of the reactions. To improve the applica-

tion of materials in real optoelectronic devices the detailed photophysical studies of these

QDs are calling for further investigation to establish the exact phenomena involving e− and
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h+ after photoexcitation. In addition to this, the charge transfer and charge separation in

CISZ-organic molecule donor-acceptor systems have not been explored yet, which is the key

to solar energy devices.

In order to establish the origin of broad emission and dynamics of nascent e− and h+

in I-III-VI QDs, we have conducted time-resolved absorption and emission spectroscopy

measurements of commercially purchased CISZ core-shell QDs. We have resolved different

competitive processes of the photoexcited charge carrier in this QD and measured charge

transfer processes in QD and anthraquinone-2-carboxylic acid (AQ) composite systems. The

decay-associated spectra of conducted time correlated single photon counting (TCSPC) mea-

surement in the 460–630 nm range reveal the h+ localization at the Cu1+ center, and the

time constant for this process is found to be 0.5 ns. The long-lived broad red emission

was attributed to recombination of delocalized e− at CB and trapped h+ at Cu1+ center.

The performed femtosecond transient absorption (fsTA) measurements distinguished the two

simultaneous processes, the hole trapping (HT) and e−-h+ recombination at the BE, and

allowed to estimate their time constants as 570 ps and 330 ps, respectively. Quite strong

emission quenching of CISZ in the presence of AQ was shown to be due to the photoinduced

electron transfer (ET), as was indicated by a separate band for AQ− in fsTA spectra of

CISZ/AQ composite. The measured ET time constant was found to be ca. 1.5 ps for ideal

one-to-one attachment of AQ on QD. In parallel with the ET from the conduction band to

AQ, the hole at the valence band is trapped by Cu1+ defect state, which results in decoupled

of the e−- h+ pair and formation of the long-lived charge separation QD+/AQ−. Therefore,

the resolved different transitions and establishment of charge separated state formation of

CISZ QDs with organic molecule have potential to develop advanced optoelectronic devices.
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Experimental Section

Materials

The studied materials oleic acid-capped CISZ was purchased from PlasmaChem, Germany.

The well-known e− acceptor anthraquinone-2-carboxylic acid molecule was purchased from

Sigma-Aldrich.

Femtosecond transient absorption spectroscopy

All the TA measurements have been carried out in chloroform solvent using a 1 mm cuvette in

ambient conditions. Commercial Libra F (Coherent Inc.) laser system generates compressed

800 nm pulses with 1 mJ energy, splitting into two parts. The first one with weak intensity

generates a white light continuum (400–750 nm) and 900–1200 nm after focusing 800 nm

pulses on a heavy-water cuvette and sapphire crystal, respectively, and was used for the

broadband probe. The second harmonic of the laser fundamental was used to excite samples

at 400 nm. The pump spot size was larger than the probe diameter. Exci-Pro pump-probe

spectrometer (CDP Inc.) was used to perform the measurement. The CCD camera for the

visible spectral range (400–750 nm) and NIR (900–1200 nm) was used for data acquisition.

Upto 6 ns delay window on the probe line was used. The used pump intensity was sufficiently

low to avoid multiple exciton generation.

Results and discussion

Photophysics of isolated CISZ

Figure 1 (A) shows the steady-state absorbance and emission spectra of colloidal CIS/ZnS

(CISZ) core-shell QDs solution dispersed in chloroform. The absorbance spectrum is very

broad, and it has no sharp exciton peak which is typical for alternative II-VI QDs.26,27 The

broad emission spectrum (FWHM = 100 nm) along with a large Stokes shift can be attributed
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to self-trapped emission (STE) rather than to the band edge (BE) emission. It is already

reported in the literature that the I-III-VI ternary QDs are defect-oriented materials and

the emission is predominantly due to recombination of some intrinsic defect states.19,28 The

normalized TA spectrum for a single exciton just after cooling following 400 nm excitation

is shown in Figure 1 (A) along with the absorption and emission spectra. It consists of

a bleach (420–500 nm) and a broad photoinduced absorption (PIA) (at > 500 nm). The

former corresponds to the BE transition(1S-1S) and confirms the postion of the band gap

corresponding roughly 460 nm. The latter can be either defect or excited state absorption.

There is a long-term controversy on this PIA and the major literature considers it as an

absorption of trapped h+.23

To study the origin of emission which is also on dispute for this QDs, we have used the

time-correlated single photon counting (TCSPC) technique with excitation at 405 nm and

monitoring the emission decays in the wavelength range from 460 to 640 nm with 20 nm

interval. All the decay traces are shown in ESI and decays at two characteristic wavelengths,

460 and 560 nm, are presented in Figure 1 (B). The emission decay at 460 nm corresponds

to the BE or direct recombination of the e− and h+ at CB and VB, respectively. At this

wavelength, virtually no steady-state emission can be seen, but apparently, there is an instant

rise of emission which is followed by a fast decay.
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Figure 1: (A) Absorbance, emission and TA (after cooling with 500 fs time constant) spectra
of CISZ core shell. (B) TCSPC decay traces of this core-shell at 460 and 560 nm following
405 nm excitation. In inset: Same decay kinetics in an expanded scale. (C) TCSPC global
fitted decay associated spectra of CISZ excitation. (D) Comparison of scaled emission and
TA decays at the wavelength corresponding to the BE state (roughly 460 nm).

The monitoring wavelength of 560 nm is quite far from the BE emission and can be

attributed to the STE. The STE may come out only after e− or h+ trapping, and somewhat

slower rise was observed, though the rise becomes more obvious after the global fit which

delivers decay associated spectra (DAS) shown in Figure 1 (C). To achieve a reasonable

quality of the global emission decay fit, we had to use three-component models with two

components being stretched-exponential and one exponential (the global χ2 = 1.0327). The

fast stretched component (τ = 0.31 ns and β = 0.43) has a positive amplitude in the blue

part of the spectrum and a negative at λ > 520 nm. It indicates fast decay of the emission

in the blue and a rise in the green-red part of the spectrum as expected. The spectrum of

long-lived exponential (τ = 125 ns) resembles very much that of the steady state emission
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with maximum around 560 nm. A surprising outcome is the stretched component with

τ = 3 ns and β = 0.43. It has a maximum at around 500 nm and lifetime in between the

other two components. We attribute it tentatively to inhomogeneity of our system, such

as some variation in size and shape, different number of defects per QD, etc, which cannot

be covered by using stretched exponential in place of ordinary exponential. It can be also

argued that there are QDs without defects, for which CB e−- VB h+ recombination is the

only relaxation process, then this component can be attributed to this QDs and its decay

rate assigned to keh. Two possible explanations are trapping of the CB e− which is followed

by the radiative recombination (RR) with the VB h+, and the VB h+ trapping by Cu1+

defect state which is followed by RR with the CB e−.20

CB

VB

defects

460 nm 560 nm

k k

k

eh ed

ht

(2.70 eV) (2.14 eV)

Figure 2: Energy diagram with transitions (see text for details).

The h+ trapping by Cu1+ can be proved by examining TA time profile in the BE wave-

length region and comparing it with the emission decay measurements (TCSPC) at 460 nm

as shown in Figure 1 (D). The TA response at BE is mostly due to the photo-carriers in the

CB. The time resolution of the TA measurements is much better than that of TCSPC and

the fast initial decay of the TA signal can be attributed to the photo-carrier thermalization.

However, in the range well resolved by both techniques (> 100 ps) the decays of TCSPC

and TA kinetics do not follow each other within our pump-probe time window ( 5 ns). Only
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a minor recovery of BE bleaching can be seen within a few ns, suggesting that majority of

the CB e− do not recombine. But the emission at 460 nm depends on both the e− at CB

and h+ at VB, and it decays almost completely in the same time scale. This means that the

emission decay is due to the disappearance of h+ at the VB, which can be attributed to the

h+ trapping by the Cu1+ state.20

At the qualitative level the phtoto-dynamics of CSIZ QDs can be explained by the scheme

presented in Figure 2. The photo-excitation generates e−-h+ pair with e− in the CB and

h+ in the VB. We will assume that the carrier thermalization after the excitation is fast

compared to the time scale of TCSPC measurements, ignore it in the scheme. The e−-h+

pair can recombine with the rate constant keh. This recombination can produce a photon

with energy corresponding to the BE, roughly 460 nm. A competing process is elevation of

the h+ to the defect level with the rate constant kht, which quenches the emission at 460 nm

and opens another recombination process of e− at the CB and h+ at the defect level with

the rate constant ked. The latter is observed as a broad emission with maximum close to

560 nm.

Steady state absorbance, emission, and TCSPC of CISZ/AQ com-

posite

To explore the dynamic nature of photoexcited e− and h+, we have studied the e− transfer

process of CISZ using a well-known e− acceptor anthraquinone-2-carboxylic acid (AQ) which

is also equipped with two caboxylic acids to promote CISZ-AQ hybride formation.
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Figure 3: (A) Absorbance spectra of CISZ after adding 1.1, 1.9,3.6, 7.2, 9.6 and 19.2 µM AQ
molecule. (B) Emission spectra of CISZ CS and CISZ/AQ composite with the same compo-
sition in absorbance spectra. TCSPC decay traces of CISZ CS and CISZ/AQ composite at
(C) 460 nm and (D) 560 nm following 405 nm excitation.In Inset: Same traces in expanded
timescale.

Figure 3 (A) shows the absorbance spectra of CISZ without and with different concentra-

tions (1.1, 1.9,3.6, 7.2, 9.6 and 19.2 µM) of AQ in chloroform solvent, where the concentration

of CISZ is kept the same for all compositions. The unchanged absorbance spectrum of CISZ

after the addition of AQ molecule is attributed to the unaffected CB and VB of CISZ in

the presence of AQ. The absorbance at the blue (< 400 nm) increases with AQ due to the

absorbance of AQ itself. To test the interaction between CISZ and AQ, we have performed

the steady-state emission spectroscopy measurements without and with AQ as shown in Fig-

ure 3 (B). These measurements were carried out with the same sample compositions as for

absorbance measurements presented in Figure 3 (A). The emission of CISZ is quenched in

the presence of AQ and the quenching efficiency increases with the increasing concentration

of AQ.
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The quite strong emission quenching reveals the strong interaction between CISZ and

AQ. Roughly 98 % emission quenching of CISZ is observed at the used highest concentration

of AQ. We determined the exact ratio of the concentrations of [CISZ] and [AQ] by modeling

emission quenching and fitting the data. We assumed statistical complex formation with the

Poisson distribution of the number of AQ attached to CISZ and complete emission quenching

of CISZ if at least one AQ is attached to CISZ. The fit is shown in the inset of Figure 3 (B).29

According to the model, the 95 % quenching is achieved at ratio [CISZ]:[AQ]=1:3, which is

roughly the highest ratio used.

The reason behind the emission quenching can be either e− or energy transfer or both.

But in this case, the energy transfer can be excluded, because the energy of excited donor,

CISZ, is much lower than the excited state energy of the potential acceptor, AQ. This also

can be concluded from the fact that there is no absorbance of AQ at > 450 nm where CISZ

emits, ruling out the energy transfer process from CISZ to AQ. Therefore, we can assume

that the reason for the emission quenching is the e− transfer (ET) process.

The steady-state emission is not an effective method to study the ET or energy transfer.

Therefore, the TCSPC was used to study quenching dynamics. For this purpose, CISZ/AQ

composite with 95 % quenching was used and excited at 405 nm. Figure 3 (C) compares the

decay traces of CISZ and CISZ/AQ composite at 460 nm measured under the same condi-

tions, and it shows quite strong reduction of the emission intensity of CISZ/AQ composite

compared to that of CISZ. This indicates a fast quenching of emission which is much faster

than the time resolution of our TCSPC instrument (roughly 60 ps). Similarly, the emission

at 560 nm corresponding to the trap state is much weaker for CISZ/AQ samples compared

to that of CISZ as shown in Figure 3 (D).

TA spectra of CISZ and CISZ/AQ composite

The dynamics of the ET was studied by femtosecond TA spectroscopy. The CISZ and

CISZ/AQ samples in chloroform were excited at 400 nm and the measurements for both
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samples have been carried out at the same pump fluency which was low enough to avoid the

multiple exciton generation. Figures 4 (A) and (B) present the time-resolved TA spectra

of CISZ in the visible and NIR ranges, respectively, at different time delays from just after

cooling 0.3 ps to 5 ns. The TA responses of CISZ/AQ sample at the same delay times are

presented in Figure 4 (C) and (D). The shape of TA spectra of CISZ/AQ composite is very

similar to that of CISZ at the early time scale both in the visible and NIR. These spectra

correspond to the state formed right after excitation with e− promoted to the CB and h+

left in the VB respectively, which is the same for both samples.

There is no apparent difference between the samples in the TA response evolution in the

NIR range. For both samples the PIA spectra are featureless and show some decay with

time. However, the bleach in the BE region recovers much faster for the CISZ/AQ sample.

A distinct feature of the CISZ/AQ sample TA response is the absorption band with broad

maximum close to 600 nm, which becomes visible at a few tens of ps delay and later. We

compare the spectra of CISZ and CISZ/AQ at 0.3 ps and 3 ns to highlight the new band

arising in CISZ/AQ as shown in Figure 4 (C) inset. The band can be attributed to the AQ–

due to the ET from CISZ.30–32 Interestingly, the spectral shape turns to positive absorbance

from a bleach at 425 nm which is also a characteristic of AQ– .
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Figure 4: TA spectra of CISZ in the (A) visible and (B) NIR range. TA spectra of CISZ/AQ
composite in (C) visible and (D) NIR range following 400 nm pulse excitation in chloroform
medium.

In order to identify better the intermediate states and reactions between them, the TA

data were fitted globally for each sample and the fit results are presented in Figure 5. In both

cases, the fit included a fast component with a time constant of around 0.1 ps which was

attributed to carrier cooling and not shown in the figure. In addition to this fast component,

the fit model for CISZ sample included an exponent with time constant 2.3 ps (denoted as

“exp(2.3 ps)” in Figure 5 (A)), a distributed decay component with average time constant

210 ps (denoted as “Gdist(210 ps)” in the figure), and a step-function (denoted as “Step”

in the figure) which models a long-lived state not decaying within monitoring range of the

TA system (roughly 5 ns). This was the minimum number of components that gave random

residuals. We found that the minimum number of fit components for CISZ/AQ sample is

also three, but the exponential component had to be replaced by distributed decay and the

time constants for the CISZ/AQ sample differ from those of CISZ significantly.
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Figure 5: Transient absorption DAS and time-resolved spectra of decays of (A) CISZ and
(B) CISZ-AQ.

The fast exponential component (2.3 ps) of the CISZ sample is relatively weak, its main

contribution is in the BE wavelength region, and it can be attributed to the “tail” of the

carriers cooling, which is essentially a non-exponential process. We cannot exclude shallow

trapping–de-trapping of e− which may result in an equilibrium between e− in the CB and

at shallow traps, but we have no experimental evidence of shallow trap state on the overall

photophysics of CISZ QDs. The 210 ps component is associated with the recovery of the

BE beach and the decay of PIA in the red–NIR range. It also shows some reshaping of the

red-NIR absorption and can be attributed to two competing reactions, e−-h+ recombination

at CB and VB, respectively (keh in Figure 2) and h+ trapping by defects (kht). It ends when

all h+ are trapped, but the competing recombination reduces the population of e− at the

CB. The time constant determined for this process from the emission decay measurements is

310 ps (Figure 1), which is longer than the time constant obtained from TA measurements,

210 ps. It can be suggested that the limited time resolution of the TCSPC method and the

non-exponential nature of the process is the reason for the discrepancy.

The hole trapping process in our CISZ QDs is quite slower than that in many Cu-doped II-

VI QDs.33–35 CISZ is not a doped material and Cu is an integral component of the composite,

and the Cu ratio is significantly higher compared to doped materials. Photoluminescence

of CISZ involves holes trapped at so-called self-trap states induced by the stoichiometry of
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two different cations and associated with Cu1+ site,20 which differs them intentional traps

induced by Cu-doping of II-VI QSs.

The long-lived component (“Step”) can be associated with recombination of e− and h+

at the CB and defect states, respectively. This process is denoted at kht in Figure 2, and its

time constant is 125 ns according to the emission decay measurements, which is much longer

than the time range of the TA instrument.

Figure 6: Schematic presentation of consecutive steps of photophysical processes in CISZ
without (the top part of the scheme) and with AQ (the bottom part) after photoexcitation.
All key processes HT (steps 1 to 2 and 3 to 4), ET (step 1-3), band edge recombination (step
1 to 5), trap recombination (step 2 to 5), and BET (step 4 to 5) are shown here.

The DAS and the spectra for intermediate states can be explained qualitatively by the

reaction scheme in Figure 6. State 1 is presented by the spectrum at 0.5 ps in Figure 5 (A),

where the e− and h+ are at CB and VB, respectively. Actually, the minor process with

2.3 ps time constant results in a very minor spectral changes. The time resolved spectrum

after completion of this process (“at 10 ps”) is shown by the dotted line in Figure 5 (A). We
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will ignore this reaction in the following discussion.

The state 1 in Figure 6 has two relaxation pathways, the e−-h+ recombination and the h+

transfer to the defect state. The average lifetime of the state is τ1 = (keh + kht)
−1 ≈ 210 ps

according to TA fit results. At a few ns delay time the system is in state 2 completely.

The state 2 is characterized by e− at the CB and h+ at defect states, respectively, as shown

by the spectrum of the step function in Figure 5 (A). It relaxes to state 5 very slowly and

can not be detected in TA measurements. It can be noted that amplitude of the spectrum

attributed to the state 2 is much lower than that of the state 1, though it can be expected

that the main contribution to both spectra comes from the e− at CB. This indicates that

the yield of the state 2 is less than half and more than half of the state 1 relax via e−- h+

recombination (keh). This will be discussed later.

The addition of the e− acceptor, AQ, adds a fast, roughly 0.5 ps, reaction (Figure 5 (B))

which is characterized by gradual recovery of the BE bleach, some decay of PIA in the NIR

region and formation of a band around 600 nm. These all are characteristic features of

the ET from CB of QD to AQ, shown by conversion from state 1 to state 3 in Figure 6

bottom. Therefore, the ET time scale is found to be 0.5 ps and it will be 1.5 ps for one-to-to

CISZ and AQ interaction as the studied composition was 1:3 ratio of CISZ and AQ. This is

surprisingly fast ET but it is comparable to previously reported picosecond ET in QD-AQ

hybrids.36 A short linker connecting the donor and acceptor and favorable ET energetics

are towo reasons for the fast ET. This ET is much faster than the combined CB e−-VB

h+ recombination (keh) and h+ trapping (kht) and dominates in removing e− from the CB.

The latter is in agreement with the observed much lower emission intensity of the CISZ/AQ

sample at 460 nm (BE region) as compared to CISZ samples.

There is a 570 ps component in the TA evolution of CISZ/AQ sample. The corresponding

reaction can be attributed to h+ trapping by the defect states, since its shape is similar to

that of 210 ps component in the case of CISZ, and there are no signs of AQ being involved.

This process does not compete with e−-h+ recombination in CISZ/AQ sample since e−
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at CB transferred to AQ much faster. Therefore it can be assigned to kht rate constant,

thus k−1
ht ≈ 570 ps. Since relaxation of the state 1 of CISZ was attributed to two competing

reactions and its time constant (keh+kht)
−1 ≈ 210 ps, the e−-h+ recombination time constant

can be estimated to be k−1
eh ≈ 330 ps. This implies that roughly 63% of states 1 relax by the

recombination (to state 5), and the rest 37% yield state 2, h+ trapped by the defect. This

is in good agreement with the observation that the long-lived component (Step, state 2) of

CISZ is roughly three times lower in intensity than the initially formed (at 10 ps) state 1.

The long-lived component (Step) of CISZ/AQ sample has higher intensity and distinct

features of the charge-separated state 4, CISZ+/AQ−. Its lifetime is much longer than the

TA monitoring time scale (roughly 5 ns), and cannot be determined with the instrument

used. The spectrum of the step function component presents the final state where e− and h+

are at the AQ LUMO and the QD trap state, respectively, as shown by state 4 in Figure 6.

Eventually, state 4 will decay to state 5 through the recombination of AQ− and the h+ in

the QD. This process is more than 10 000 times slower than the ET, which is very unusual.

It can be noted, that in a typical QD-molecular acceptor system, the ET involves the

transfer at the CB and leaves the h+ in the VB, and the back ET is the recombination of the

e− at acceptor and the h+ at VB. In case of CISZ/AQ system, shortly after the ET, the h+ is

trapped by the Cu1+ center, and recombination must involve the trapped h+ but not the VB

h+. The rate of the ET (or BET) depends on the electronic overlap integral. The h+ at VB

of QDs are well delocalized but the trapped h+ are mostly localized at defect sites. The h+

localization, and thus smaller overlap integral, is the most probable reason for much slower

BET in the case of CISZ/AQ hybrids. However, a similarly long-lived charge-separated state

was reported previously for other QDs/molecule composites.30,31,37,38
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Conclusion

Our study of CISZ QDs comes in agreement with previous reports suggesting that the broad

and red-shifted emission is the result of recombination of the e− at the CB and h+ trapped at

the defect sites. Furthermore, we were able to identify direct emission due to CB-VB charge

recombination and estimate the time constants of the direct recombination and h+ trapping,

330 and 570 ps, respectively. The direct recombination can be effectively eliminated by

attaching e− acceptor to the QDs, anthraquinone (AQ) derivative in our case. We observed

a fast e− transfer from the photo-excited CISZ QD to AQ, and estimated the time constant

of the ET to be roughly 1.5 ps in an ideal one-to-one CISZ-AQ complex. Unexpectedly, the

lifetime of the charge separated state is very long, being much greater than the maximum

delay time of our TA instrument, 5 ns. We attributed this to relatively fast h+ trapping,

which results in h+ localization at defect sites and effectively decouple e− at AQ and h+ at

QD.
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