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ABSTRACT 

Ternary CuInS2 nanocrystals (CIS NCs) are attracting attention as non-

toxic alternatives to heavy metal–based chalcogenides for many 

technologically relevant applications. The photophysical processes 

underlying their emission mechanism are, however, still under debate. 

Here we address this problem by applying, for the first time, spectro-

electrochemical methods to core-only CIS and core/shell CIS/ZnS NCs. 

The application of an electrochemical potential enables us to reversibly 

tune the NC Fermi energy and thereby control the occupancy of intra-

gap defects involved in exciton decay. The results indicate that, in 

analogy to copper-doped II-VI NCs, emission occurs via radiative 

capture of a conduction-band electron by a hole localized on an intragap 

state likely associated with a Cu-related defect. We observe the increase in the emission efficiency 

under reductive electrochemical potential, which corresponds to raising the Fermi level, leading 

to progressive filling of intragap states with electrons. This indicates that the factor limiting the 

emission efficiency in these NCs is nonradiative electron trapping, while hole trapping is of lesser 

importance. This observation also suggests that the centers for radiative recombination are Cu2+ 

defects (preexisting and/or accumulated as a result of photo-conversion of Cu1+ ions) as these 

species contain a pre-existing hole without the need for capturing a valence-band hole generated 

by photoexcitation. Temperature-controlled photoluminescence experiments indicate that the 

intrinsic limit on the emission efficiency is imposed by multi-phonon non-radiative recombination 

of a band-edge electron and a localized hole. This process affects both shelled and unshelled CIS 

NCs to a similar degree, and it can be suppressed by cooling samples to below 100K. Finally, using 

experimentally measured decay rates, we formulate a model that describes the electrochemical 

modulation of the PL efficiency in terms of the availability of intragap electron traps as well as 

direct injection of electrons into the NC conduction-band, which activates nonradiative Auger 

recombination, or electrochemical conversion of the Cu2+ states into the Cu1+ species that are less 

emissive due to the need for their “activation” by the capture of photogenerated holes. 

KEYWORDS: Nanocrystal, quantum dot, CuInS2, spectro-electrochemistry, I-III-VI2, Cu-related 

defect, trapping, temperature-dependent photoluminescence 
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Colloidal semiconductor nanocrystals (NCs) are a widely investigated class of solution-

processable functional materials with size-tunable optical properties that are emerging as active 

components in many technologies from LEDs1−3 and lasers1,4 to photovoltaics,5,6 sensing,7,8 and 

bioimaging.9,10 Recently, toxicity and environmental concerns have led to strict regulations around 

the well-known classes of cadmium- and lead-based chalcogenide systems, which has boosted the 

interest in heavy-metal-free alternatives, such as I−III−VI2 ternary NCs featuring technologically 

interesting optical properties, such as size-tunable bandgap from visible to NIR,11−13 intense 

broadband absorption14,15 and efficient Stokes-shifted luminescence.16−19 In addition, they can 

be fabricated in large quantities via high-throughput, non-injection techniques using inexpensive 

precursors.20 NCs of CuInS2 (CIS), CuInSe2 (CISe), and their alloys CuInSexS2−x (CISeS) have 

been successfully used in photocatalysis,21 sensing,22 and bioimaging,23−25 as well as in photonic 

devices such as LEDs,26,27 solar cells28−34 and, more recently, reabsorption-free luminescent solar 

concentrators.18,35−37 Because of its technological relevance in photon-management and lighting 

applications,38,39 particular attention has been devoted to the elucidation of the origin of the 

broad,40,41 strongly Stokes-shifted photoluminescence (PL).18,42 Recent interpretations suggest the 

partial forbiddances of optical transitions between the electron and hole ground states due to the 

tetragonal symmetry of the crystal lattice43 or exciton self-trapping processes44 as possible 

mechanisms. A more commonly accepted emission mechanism, however, is radiative 

recombination of a photoexcited band-edge electron and a hole residing in an intragap 

state16,18,41,42,45−51 often associated with off-stoichiometric effects that have been shown to enhance 

the emission efficiency.11,49,52,53 

To date, the nature of the intragap state in CIS NCs is not fully understood and is often 

related17,42,54 to optically active centers responsible for the non-resonant long-lived PL in copper-

doped II−VI semiconductors whose optical and magnetic properties are very similar to those of 

ternary I−III−VI compounds.42,55−62 In copper-doped II−VI semiconductors, the 3d states of the Cu 

impurities introduce a fairly deep intragap acceptor level near the NC valence band (VB).63−65 The 

crystal field of the host lattice splits the degeneracy of the 3d state into two distinct sublevels within 

the gap, the higher in energy being 6-fold degenerate and conventionally labeled as t, whereas the 

lower level is 4-fold degenerate and labeled e (refs 64 and 65). The Fermi energy of the NC 

determines the occupancy of these states: when the Fermi level is above them, the 3d shell is 

completely filled, which corresponds to the +1 oxidation state of Cu with electronic configuration 

(Ar)3d10. When the Fermi level is below the t-state, the electronic configuration becomes (Ar)3d9, 

corresponding to the +2 oxidation state of Cu (ref 63). In this latter case, the impurity acts as a 

paramagnetic acceptor state, which can radiatively capture a conduction band (CB) electron 

without the need for a photogenerated hole.56,66−68 On the contrary, capture of a VB hole by the 

dopant is necessary in order to enable the radiative decay of a CB electron via a Cu1+ center.69,70 

Notably, while spectro-electrochemistry (SEC) experiments pointed to a major role of Cu2+ species 

in the emission process of Cu:ZnSe/ CdSe NCs, magnetic circular dichroism (MCD) studies on the 

same systems revealed that photomagnetism due to sp-d spin-exchange coupling in NCs with +2 

copper impurities undergoes strong (up to 100%) enhancement upon UV illumination, suggesting 

that diamagnetic Cu1+ dopants can be photoconverted into paramagnetic Cu2+ centers.59 

The photophysical and structural similarities between Cu-doped II−VI NCs (i.e., CdSe, ZnSe)44 

and I−III−VI2 NCs, which feature a unit cell composed of two zinc-blende unit cells distorted along 

the c-axis,71−73 suggest a similar recombination mechanism also for CIS (or CISeS in general) NCs. 

Notably, in these NCs the intragap recombination center seems to be a “native” defect, as indicated 

by the consistency of the optical features exhibited by ternary NCs obtained via different synthetic 

techniques.14,52,53,74−76 Compositional analyses by X-ray photoelectron spectroscopy75 indicate that 
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the main oxidation state of copper in CIS NCs and their alloys is +1. Nevertheless, the exact 

ascription of the copper state responsible for the PL of I−III−VI2 is still debated with some studies 

indicating Cu1+ as the emissive center,14,69 whereas other studies point to the presence of small 

amounts of paramagnetic Cu2+ defects (complemented, e.g., by Cu vacancies, VCu, for charge 

neutrality)42 in the NC lattice as the species responsible for the optical and magnetic properties of 

CIS NCs.18,42,59 A more recent theoretical study of wurtzite CIS NCs by Macdonald and co-workers 

suggests that interstitial Cu0 defects introduce an intragap acceptor state with the localization 

energy comparable to the experimentally observed Stokes shift.51 While such charge-neutral Cu 

species might occur in CIS NCs, a considerable amount of literature points toward the prevailing 

role of substitutional Cu1+ (might occur as an antisite CuIn
1+−InCu

3+ pair) and Cu2+ (paired, e.g., 

with VCu) defects41,42,52,73,77−79 in defining photophysical properties of CIS NCs. In fact, several 

recent studies seem to suggest that the radiative decay centers are likely Cu2+ species at least in 

some of the samples where the position of the Fermi level favors this type of states.41,42,80 

Furthermore, similar to previous observations for Cu:doped II−VI NCs, Cu1+ states can in principle 

be photoconverted to Cu2+ centers upon capture of a VB hole. In this case, the interplay between 

the hole capture by the Cu+ defects and surface traps would determine the sensitivity of the 

emission efficiency to external hole withdrawing agents. The scenario of Cu2+-mediated 

luminescence in CIS NCs (due to either pre-existing or photoconverted Cu2+ states) is, for example, 

supported by recent spectroscopic investigations,17 showing that the main factor controlling the PL 

efficiency in CIS NCs is nonradiative trapping of photoexcited electrons, whereas hole trapping 

does not appreciably affect the PL quantum yield. Another piece of evidence in favor of the Cu2+ 

emission mechanism is a quantitative similarity in light-emission properties (including PL spectral 

and relaxation characteristics) between CIS NCs and Cu-doped ZnSe NCs.42 The Cu2+ character of 

emissive species in the latter system was indicated by the fact that intragap PL was enhanced when 

NCs were treated with hole scavengers.55 

Here, we combine temperature-controlled PL studies and SEC methods to elucidate the emission 

mechanism in I−III−VI2 NCs and shed light on the nature of the intragap state involved in the 

radiative recombination process. We demonstrate that by tuning the position of the Fermi level 

through the application of an electrochemical (EC) potential, we alter the occupancy of intragap 

states and thereby reversibly change the NC’s emission intensity by promoting/hindering selective 

carrier trapping in defect sites. The effect of the EC potential is reduced in core/ shell CIS/ZnS 

NCs compared to core-only structures, which is an expected consequence of suppressed extrinsic 

nonradiative decay processes due to improved electronic passivation of the CIS−core surfaces by 

a wide-gap shell18 that effectively reduces the abundance of intragap traps. Our data show that the 

PL efficiency of unshelled NCs is strongly enhanced upon raising the Fermi level, which leads to 

filling (passivation) of electron trapping sites. Because the same conditions lead to activation of 

additional hole trapping states, this observation indicates that enhanced trapping of photogenerated 

holes does not diminish the PL efficiency, pointing toward a recombination pathway involving 

either a pre-existing hole-like Cu2+ intragap state or a photogenerated acceptor produced via hole 

trapping by Cu1+ defects occurring on a faster time scale than hole trapping by EC activated surface 

defects.42,56 Furthermore, both core-only and core/shell NCs with passivated surfaces show a drop 

in the PL intensity at the highest negative potentials, which might be associated with either direct 

injection of electrons into the NC conduction band, which activates nonradiative Auger 

recombination,8,81,82 or EC conversion of the Cu2+ states into the Cu1+ species that are less emissive 

due to the need for their “activation” by the capture of photogenerated holes.55 Temperature 

controlled PL measurements on both shelled and unshelled NCs point to the presence of an intrinsic 

thermally assisted nonradiative decay process with similar activation energies in both structures. 

The suppression of this nonradiative pathway at cryogenic temperatures leads to a two-fold 
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enhancement of the PL quantum yield. Finally, in order to rationalize the SEC observations in 

terms of competition between the involved recombination channels, we develop a model which 

links the PL efficiency to the occupancy of intragap traps and also accounts for the possibility of 

either direct injection of electrons into the NC conduction band or EC reduction of Cu2+ centers to 

Cu1+. 

 

Optical Properties of Core-Only and Core/Shell CIS/ZnS Nanocrystals. The core-only and 

core/shell CIS/ZnS NCs with ∼4 nm side length were synthesized following the route described 

in ref 18. The transmission electron micrographs are reported in Figures S1 and S2. The optical 

absorption spectrum and the characteristic Stokes-shifted PL of core-only CIS and core/shell 

CIS/ZnS NCs are shown in Figure 1a together with the respective PL excitation (PLE) spectra 

collected at the emission maximum. The spectra of the core/shell NCs are slightly blue-shifted 

with respect to the respective core-only NCs as typically observed for the situation when the shell 

growth occurs via cation exchange, which leads to the effective reduction of the emissive core 

accompanied by the increase in the degree of spatial confinement.16 In both cases, the PLE spectra 

follow nearly perfectly the respective absorption profile, which confirms that the PL is excited by 

intrinsic electronic transitions of the NCs. The PL quantum yield, as measured with an integrating 

sphere, is ΦPL = 5 ± 1% and ΦPL = 35 ± 3% for the core-only and the core/shell NCs, respectively. 

The increase in the PL efficiency in the case of the core/shell sample indicates the effectiveness of 

electronic passivation of the core surface by a wide-gap ZnS layer which creates a type-I energetic 

barrier.18,41,83  

 
Figure 1 (a) Absorption (dashed lines) and photoluminescence (PL) spectra (solid lines) of CIS 

core-only (blue lines) and core/shell CIS/ZnS (red lines) NCs in toluene. The PL excitation (PLE) 

spectra are shown as blue circles for CIS NCs (collected at 1.7 eV) and red triangles for CIS/ZnS 

NCs (collected at 1.9 eV). (b) PL decay traces of the same solutions collected at the respective PL 

maxima. Inset: A simplified structure of the band-edge electronic states in CIS NCs responsible 

for optical absorption and PL. Light absorption is dominated by optical transitions between 

intrinsic quantized states, while the PL arises from the radiative capture of a band-edge electron 

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b02040/suppl_file/nl7b02040_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b02040/suppl_file/nl7b02040_si_001.pdf
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by an intragap state associated with a Cu-related defect acting as the emission center. The absence 

of electron trapping channels leads to ‘bright’ NCs whereas fast electron transfer to surface traps 

(ST) leads to non-emissive ‘dark’ particles in the ensemble. PL spectra of (c) CIS NCs and (d) 

CIS/ZnS NCs in the absence (solid lines) and in the presence (dashed lines) of the dodecanethiol, 

DDT (5 μL DDT per mL solution), a known hole scavenger. The PL spectra of both samples are 

normalized to their value after the addition of DDT. All PL measurements were performed using 

pulsed 3.1 eV excitation (per-pulse excitation fluence is 0.5 μJ/cm2). 

 

As shown in Figure 1b, the ∼7-fold enhancement of ΦPL upon shelling the CIS NCs with ZnS 

occurs without significant changes in the PL decay dynamics that for both systems is slightly 

multiexponential in agreement with previous results.11,16−18 The effective PL lifetimes, extracted 

as the time for which the PL signal drops by a factor of e, are ∼200 and ∼175 ns for the core/shell 

and core-only NCs, respectively. This indicates that the deposition of the ZnS shell suppresses 

rapid (unresolved in our measurements) nonradiative surface trapping that occurs prior to radiative 

decay, while leaving the spatial overlap between the electron and hole wave functions nearly 

unaltered. We note that surface trapping could, in principle, affect both “hot” and relaxed band-

edge carriers, however, a close match between the PLE and the absorption spectra (Figure 1a) 

indicates that the trapping process involves primarily carriers close to the NC’s band edges. The 

lower emission yield of the CIS core-only sample with respect to core/shell particles is, therefore, 

likely due to a larger fraction of nonemissive (“dark”) NCs, in which electron surface trapping 

outpaces radiative decay, compared to the fraction of emissive “bright” NCs that do not contain 

“fast” electron traps (inset of Figure 1b). 

SEC experiments reported in the following sections can also be explained using the above two 

subensemble model. In fact, they demonstrate that the application of an EC potential reversibly 

converts “dark” NCs into “bright” ones and vice versa by passivating/activating electron surface 

traps. In II−VI NCs doped with Cu2+, PL quenching has been mostly ascribed to rapid electron 

trapping,55 while trapping of VB holes has been considered to have a minor role due to the ability 

of a Cu2+ acceptor state to directly capture a CB electron via a radiative transition.56 Indeed, the 

addition of 1-dodecanethiol (DDT), which has been observed to quench the PL from CdSe NCs84 

due to rapid extraction of photogenerated VB holes, leads to brightening of Cu:ZnSe/CdSe NCs 

resulting from the passivation of electron accepting surface defects.56 A similar behavior has been 

also observed for CdTe NCs,84,85 whose band-edge holes reside above the redox level of DDT and 

thus cannot be reduced by it. Interestingly, similarly to Cu-doped NCs, the exposure of CIS NCs 

to DDT enhances their PL efficiency, although their VB energy (EVB ∼−6.26 eV)20,85,86 is 

comparable to CdSe NCs (EVB ∼−6.1 eV).84,87 In Figure 1, we display the PL spectra of both 

unshelled (panel c) and shelled (panel d) samples recorded in the absence and in the presence of 

DDT (5 μL in 1 mL of NCs solution). The addition of DDT to core-only CIS NCs leads to strong 

60% enhancement of the PL efficiency suggesting that, as in Cu-doped II−VI NCs, the main 

emission intensity-limiting mechanism is electron trapping,17 which becomes suppressed upon 

exposure to electron-donating DDT molecules.84 On the other hand, the absence of PL quenching 

due to rapid hole withdrawal is indicative of an emission process involving an intragap acceptor 

state, which is occupied with a preexisting hole, or act as a very fast trap for photogenerated VB 

holes outcompeting hole extraction by DDT. These two types of behaviors can be expected, 

respectively, for Cu2+ and Cu1+ intragap defects. The addition of DDT also improves the PL 

efficiency of CIS/ZnS NCs, although, in this case, the enhancement is less than 10% (Figure 1d). 

The diminished effect of electron-donating species in this case is due to already effective 

passivation of surface electron traps by the ZnS layer. 
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Temperature-Controlled Photoluminescence Experiments. To quantify the effect of 

nonradiative decay channels in our NCs and to investigate the intrinsic radiative decay rates in the 

“bright” particles in both the CIS and CIS/ZnS NCs ensembles, we perform temperature-controlled 

PL experiments. In Figure 2 panels a,b and panels c,d, we report the PL spectra and the decay 

curves at decreasing temperature of CIS and CIS/ ZnS NCs, respectively. Both samples show 

monotonic enhancement of the emission intensity from T = 300 K to T = 70 K. 

 
Figure 2.(a,c) PL spectra and (b,d) time-resolved PL traces for core-only CIS NCs and 

CIS/ZnS as a function of decreasing temperature as indicated by the arrows. The PL spectra are 

normalized to their value at T = 77 K. (e) Effective decay rates (k)̃ extracted from the PL traces 

in b and d as a function of T−1 (blue circles for CIS NCs and red triangles for CIS/ZnS). The 

respective fits to eq 1 are shown as a solid line for the CIS NCs and as a dashed line for CIS/ZnS 

NCs. The zero-delay PL intensities normalized to their respective values at 70 K are shown in 

the inset. The same color scheme applies throughout the figure. 

 

At any temperature, both PL dynamics are slightly multiexponential, as typically observed for 

CIS NCs.11,16−18 At T = 300 K, the effective decay lifetime is τ̃ = 200 ns (corresponding to an 

effective decay rate k̃ = 1/τ̃ = 5 μs−1) and τ̃ = 175 ns (k̃ = 5.7 μs−1) for CIS and CIS/ZnS NCs, 

respectively. In both cases τ̃ increases to ∼370 ns (k̃ = 2.7 μs−1) at T = 70 K. Importantly, as evident 

from Figure 2b,d and additionally highlighted in the inset of Figure 2e, no appreciable effect of 

temperature is observed for the zero-delay PL intensity, indicating that ultrafast electron trapping 

is virtually temperature-independent.88 This further suggests that the relative fraction of “bright” 
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versus “dark” NCs in the ensemble is unaltered by temperature. On the other hand, changes in 

temperature affect the decay dynamics in the sub-ensemble of “bright” NCs. This observation, 

together with the strong resemblance between the temperature dependent trends observed for core-

only and core/shell NCs, suggest that the nonradiative process competing with radiative decay 

might involve phonon-assisted trapping of electrons at internal structural defects. Accordingly, the 

effective decay rates of CIS and CIS/ZnS NCs follow a very similar trend with decreasing 

temperature. The evolution of the effective decay rate is shown in Figure 2e together with the 

respective fit to the equation: k̃ = kRAD + kNRAD(T), that neglects ultrafast surface electron trapping 

and describes the nonradiative decay rate by the standard displaced harmonic oscillator model89 

𝑘𝑁𝑅𝐴𝐷(𝑇) = 𝐴 ∗ 𝑒𝑥𝑝(−𝐸𝐴/(𝑘𝐵𝑇)).   (1) 

Through this fit, we obtain essentially the same effective radiative decay rate (kRAD) for CIS and 

for CIS/ZnS NCs (kRAD = 2.58 × 106 s−1 and kRAD = 2.61 × 106 s−1, respectively) and activation 

energies for the nonradiative decay of 56 meV for CIS NCs and of 40 meV for CIS/ZnS NCs. 

Using the obtained radiative and nonradiative decay rates, we finally use the equation ΦPL,BRIGHT 

= kRAD/k̃ to quantify the room temperature PL efficiency of the “bright” NCs in the two ensembles 

that is found to be ΦPL,BRIGHT ∼50% for both core-only and core/shell CIS/ZnS NCs. Considering 

that the overall PL quantum yields are 5 ± 1% and 35 ± 3% for the CIS and the CIS/ZnS sample, 

respectively, this indicates that the fractions of “bright” particles in the core-only sample is ∼10%, 

and it increases to 70% upon shelling. 

Spectro-electrochemistry Experiments. To gain a deeper insight into the effect of intragap 

states on the radiative and nonradiative recombination in CIS and CIS/ZnS NCs, we have 

performed SEC measurements, wherein we tune the Fermi level in a controlled and reversible 

fashion through the application of an EC potential.55,81,90 Figure 3a shows a schematic depiction of 

the experimental setup used in the SEC measurements. A working electrode comprises an ITO-

coated quartz substrate covered by a film of sintered ZnO particles (∼50 nm diameter) and a thin 

layer of NCs; silver and platinum wires are used as reference and counter-electrodes, respectively. 

We start our measurements by applying a negative EC potential, which corresponds to raising the 

Fermi level in the NC film leading to progressive passivation (activation) of the surface electron 

(hole) traps (ET and HT in Figure 3a, respectively). In Figure 3b, we report the complete set of PL 

spectra of CIS NCs under application of a negative EC potential (VEC) scanned from 0 to −2.5 V 

and then back to 0 V (a complete set of PL spectra of CIS/ZnS NCs is shown in Figure S3). To 

quantify the effect of the EC potential on the PL intensity of both the core and core/shell NCs, in 

Figure 3c we plot the respective integrated PL intensities as a function of the EC potential 

normalized to their values at VEC = 0 V. In the case of CIS NCs (blue circles, Figure 3c), no 

noticeable changes in the PL intensity occur at the initial stage of the potential ramp (up to VEC = 

−1 V). This is common in SEC measurements of colloidal nanostructures that use ITO/ZnO 

electrodes8,55,90,91 to suppress PL quenching by energy- and/or charge-transfer from the NCs to the 

ITO.90,92 The introduction of the additional ZnO spacer along with the presence of insulating 

surface ligands can lead to an appreciable attenuation of the actual shift of the Fermi level 

compared to the nominal applied EC potential.93 At negative potentials above VEC = −1 V, we 

observe strong PL brightening as indicated by ∼150% enhancement of the PL intensity for VEC = 

−2 V. The effect of the reductive EC potential is similar to that of the exposure to DDT (Figure 

1c), which points to the similarity of the underlying mechanisms that in both cases involve gradual 

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b02040/suppl_file/nl7b02040_si_001.pdf
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filling of electron trap sites on the NC surface, leading to the progressive increase in the fraction 

of “bright” NCs versus the “dark” non-emissive ones. 

 
Figure 3 (a) Schematics of the SEC setup and the effect of the EC potential on the PL intensity of 

CIS NCs due to filling/emptying of surface traps (ST) in response to changes in the position of 

the Fermi level (FL; purple line). (b) Series of core-only CIS NCs PL spectra (5s 

acquisition/frame) during a stepwise scan of the negative EC potential from VEC=0 V to -2.5V 

(each 0.5 V step, 30 s). (c) Integrated PL intensity of CIS NCs (blue circles, left y-axis) and 

CIS/ZnS NCs (red triangles, right y-axis) under applied negative EC potential based on the 

spectra in ‘b’ and Fig.S1. Both dependences are normalized to their values at VEC=0 V. (d) 

Time-resolved PL traces of CIS/ZnS NCs at VEC=0 V and -2.5 V. (e) Series of PL spectra (5s 

acquisition/frame) of CIS NCs during a stepwise scan of the positive EC potential from VEC=0 V 

to 1 V (0.5 V step, 30 s). (f) Integrated PL intensities for CIS NCs (blue circles, left y-axis) and 

CIS/ZnS NCs (red triangles, right y-axis) as a function of applied positive EC potential. Both 

dependences are normalized to their values at VEC=0 V. All measurements are performed using 

pulsed 3.1 eV excitation with fluence of 10 nJ/cm2 . 
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Accordingly, the PL decay dynamics (Figure S4) shows an appreciable enhancement of its zero 

delay intensity and only a minor change of the PL lifetime, which confirms that surface electron 

trapping is very fast (unresolved in these measurements) and occurs prior to radiative decay. 

Importantly, the concomitant activation of hole traps occurring for raising Fermi energy does not 

affect the PL intensity, indicating that in the studied CIS NCs the emission process is nearly 

independent of hole trapping. This is consistent with a scenario in which radiative recombination 

of CB electrons occurs via holelike Cu2+ centers, either already present in the ground state (due, 

e.g., to sample off-stoichiometry) or induced by transient photooxidation of Cu+ sites by capture 

of VB holes occurring faster than nonradiative trapping by surface defects. Upon reaching a 

potential of −2 V, the trend in the dependence of the PL intensity versus VEC reverses, and we 

observe a stepwise ∼20% drop in the PL signal at VEC = −2.5 V. 

The core/shell CIS/ZnS NCs do not show initial electrochemically induced PL brightening (red 

triangles, Figure 3c) due to already effective passivation of surface electron traps by the ZnS shell, 

as was discussed earlier in the context of experiments involving titration with DDT. However, as 

in the case of coreonly structures, application of a strongly reducing potential (|VEC | > 2 V) also 

leads to the appreciable (∼15%) PL quenching. For both the core-only and core/shell NCs, we 

observe a full recovery of the initial PL intensity upon returning back to the zero EC potential, 

suggesting that the observed PL quenching is not caused by any permanent chemical degradation 

of the NCs. 

The sudden drop in the PL intensity at high negative EC potentials is consistent with previous 

observations for Cu-doped II−VI NCs55 in which it was ascribed to the EC-induced conversion 

(reduction) of Cu2+ centers into Cu+ in the NCs subensemble in which the position of the Fermi 

level favors the incomplete filling of the copper d electronic shell. Cu+ species can participate in 

the radiative decay only after capturing a photogenerated VB hole, a necessary step that is rendered 

less efficient under increasing reductive potentials due to the increase in the abundance of active 

hole traps competing with the Cu1+ centers for the photoinjected hole. As a result, a progressive 

Cu2+-to-Cu1+ conversion for increasingly negative VEC can indeed lead to PL dimming without 

changes in the PL decay dynamics independently of the original oxidation state of the Cu ion. This 

picture seems to be consistent with observations for CIS/ZnS NC reported in Figure 3d. 

Specifically, the recorded PL time transients show a drop of the zero-delay PL intensity upon 

increasing VEC from 0 to −2.5 V, however, the PL lifetime remains unaltered. Similar observations 

(although somewhat distorted by nonradiative electron trapping) are reported in Figure S4 for CIS 

NCs. 

While the above scenario is plausible, there is also an alternative (or additional) mechanism, 

which can lead to PL dimming at high negative potential. This mechanism is direct electron 

injection into the NC conduction band, which would activate nonradiative Auger recombination 

through the so-called negative trion pathway,82 that is, the process where the energy released in the 

exciton recombination is transferred to another electron coexisting in the NC. Such a process, 

occurring between 30 and 300 ps in CIS NCs,79,94 would render a portion of the NC population 

nonemissive, resulting in early time dimming of the PL amplitude unresolved in the PL decay 

measurements in Figure 3d, while leaving the dynamics of emissive NCs unmodified. The 

uncertainty in the exact nature of PL quenching process relates to the uncertainty in the absolute 

magnitude of the Fermi level shift for a given EC potential. Specifically, the interpretation of 

experimental data of ref.55 was made under the assumption that the division coefficient between an 

applied VEC and the resulting shift of the Fermi level was large (f ∼ 20), therefore, despite large 

variations in VEC, the actual modulation of the Fermi level was considerably smaller. However, for 

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b02040/suppl_file/nl7b02040_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b02040/suppl_file/nl7b02040_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b02040/suppl_file/nl7b02040_si_001.pdf
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a highly conductive ZnO layer the division factor can become greater, which might allow for 

electron injection into the NC under sufficiently larger negative EC potentials. For example, this 

condition has been realized in SEC experiments on undoped CdSe/CdS NCs, in which direct 

injection of electrons in the NC conduction band was achieved at VEC corresponding to half the 

NC band gap energy (f ∼ 1),7,95 consistently with the mid-gap position of the Fermi level in intrinsic 

semiconductors. The possibility of this process along with the Cu2+-to-Cu1+ conversion will be 

discussed in more quantitative terms in the next section where we conduct modeling of the effect 

of the EC potential on the PL intensity. On the other hand, since the applied EC potentials are of 

the order of a few Volts, we exclude exciton dissociation by electric field96,97 as a potential cause 

of the observed PL drop. 

We next investigate the effect of a positive EC potential on the two NC systems. In Figure 3e, 

we report the complete set of PL spectra of CIS NCs under positive EC potential up to VEC = +1 V 

(in Figure S5 we report the analogous plot for the CIS/ZnS NCs). To highlight the effect of 

lowering the Fermi level, in Figure 3f we show the integrated PL intensity as a function of the 

cyclic stepwise scan of the positive EC potential. Between VEC = 0 V and VEC = +0.25 V, we 

observe no measurable modulation of the PL intensity for both samples. Upon increasing the 

potential to VEC = +1 V, the PL intensity drops by ∼20% for the core-only CIS NCs and is nearly 

constant (<1% drop) for the CIS/ZnS systems (note the different y-scales for core-only and 

core/shell NCs). This behavior is a continuation of the trend observed for the negative VEC and it 

is consistent with the progressive activation of intragap traps under oxidative potentials that deplete 

the CIS NCs of photogenerated electrons to a larger degree than in shelled CIS/ZnS NCs. 

Accordingly, the early time PL dynamics of CIS NCs (Figure S6) becomes faster upon raising the 

positive potential to VEC = 1 V. In contrast, the PL dynamics of CIS/ZnS NCs is essentially 

unaffected by the positive EC potential (Figure S7). As in the case of the negative potential, the 

PL intensity of both types of samples fully recovers when the EC potential is brought back to VEC 

= 0 V, indicating no permanent oxidation of the NC surfaces. 

 

Model for Analyzing the Spectro-electrochemical Responses. To rationalize the SEC data, 

we use a model that links the total PL efficiency to the occupancy of intragap electron traps that 

can be activated (passivated) by lowering (raising) the Fermi level through the application of an 

EC potential. The scheme of the decay channels determining ΦPL is depicted in the top panel of 

Figure 4a, where electron trapping (rate kET) takes place much faster than radiative capture of 

photogenerated electrons by intragap hole-like states (rate kRAD); the latter process competes with 

a nonradiative thermal recombination process (rate kNRAD) as discussed in temperature-controlled 

PL measurements in Figure 2. 

Because hole trapping plays a minor role in the emission process in our NCs, as it is 

inconsequential for dots with groundstate Cu2+ sites and is arguably slower than hole capture by 

emissive centers in dots with prevailing Cu+ defects, we neglect this process in our SEC model. To 

account for the effect of the EC potential on the occupancy of surface traps, we assume that the 

traps are distributed in energy across the NC ensemble forming a “trap band” with width N0. We 

also assume that the NCs are characterized by a common Fermi level, which determines the trap 

occupancy (n0 per individual NC) in the absence of photoexcitation. The rate of electron trapping 

is determined by the fractions of “dark” (FD) and “bright” (FB) NCs that are connected to VEC by 

FD = (N0 − n0 + γVEC)/N0 and FB = 1 − FD, where γ is the attenuation factor expressed in units of 

[V−1] between the applied VEC and the resulting shift of the Fermi level. The model further 

considers the availability of intragap states for radiative decay of photogenerated electrons, which, 

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b02040/suppl_file/nl7b02040_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b02040/suppl_file/nl7b02040_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b02040/suppl_file/nl7b02040_si_001.pdf
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consistently with the broad emission line width of CIS NCs40,55 are described through an “acceptor 

band”. Within the scenario of direct electron injection in intragap defects leading to EC Cu2+→ 

Cu+ reduction that would imply a strongly attenuated VEC (lower left panel in Figure 4a), the width 

of such acceptor band, P, is assumed constant (P = P0) for any VEC below the injection potential 

Vi, which corresponds to the situation in which the Fermi level reaches the lowest-energy Cu2+ 

state under negative bias. For larger negative VEC, electrons are injected directly into the NC 

intragap states, progressively reducing their number according to P = P0 −γ·β (VEC − Vi), where the 

term β expresses the injection efficiency of electrons in the NCs across the dielectric barrier 

imposed by the organic ligand shell. 

 

 
Figure 4 (c) Diagram illustrating the model used to describe the effect of the EC potential on the 

PL quantum yield of CIS and CIS/ZnS NCs via filling/emptying of carrier traps at the NC surface 

(right side of the NC). The Fermi level (FL) is depicted as purple line. For negative EC 

potentials larger than -2.5 V, two scenarios are possible depending on the attenuation factor 

between the applied potential and the shift of the FL. For high attenuations (γ=5, lower left 

panel) leading to moderate shift of the NC FL, direct electron injection results in EC conversion 

of Cu2+ defects into less emissive Cu+ centers. For negligible attenuation factor (γ=1, lower 

right panel), the FL reaches the NC conduction band leading to direct injection of electrons in 
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the NC quantized states. Activation of nonradiative Auger recombination through the negative 

trion pathway lowers the PL efficiency. The calculated trends following the different routes of 

the PL intensity for CIS (blue circles, left y-axes) and CIS/ZnS NCs (red triangles, right y-axes) 

normalized to their value at VEC=0 for varying negative and positive EC potentials are shown in 

(b) and (c) respectively. 

 

 

Given these considerations, the total PL quantum yield can be expressed as 

𝛷𝑃𝐿(𝑉𝐸𝐶) =
𝑃

𝑃0 
∙ [𝐹𝐵

𝑘𝑅𝐴𝐷

𝑘𝑅𝐴𝐷+ 𝑘𝑁𝑅𝐴𝐷 
+  𝐹𝐷

𝑘𝑅𝐴𝐷 

𝑘𝑅𝐴𝐷+ 𝑘𝑁𝑅𝐴𝐷+ 𝑘𝐸𝑇
]  (2) 

 

On the other hand, for negligible attenuation factors, the FL would reach the NC conduction band 

leading to direct injection of electrons in the NC quantized states (lower right panel in Figure 4a). 

In this case, the dimming of the PL intensity at high negative potentials is explained by the 

activation of efficient nonradiative Auger recombination (ΦAR ∼ 1)94 without invoking direct 

reduction of holelike Cu2+ defects to less emissive Cu+. Within this model, the total PL quantum 

yield can be expressed as 

𝛷𝑃𝐿(𝑉𝐸𝐶) = φ ∙ [𝐹𝐵
𝑘𝑅𝐴𝐷

𝑘𝑅𝐴𝐷+ 𝑘𝑁𝑅𝐴𝐷 
+  𝐹𝐷

𝑘𝑅𝐴𝐷 

𝑘𝑅𝐴𝐷+ 𝑘𝑁𝑅𝐴𝐷+ 𝑘𝐸𝑇
]  (2) 

 

where the term φ is assumed to be unity for VEC < Vi, and φ = 1− γ·β(VEC − Vi)·ΦAR for VEC ≥ Vi, 

which describes the progressive reduction of the population of photoexcited NCs in the ensemble 

due to the activation of efficient Auger recombination outpacing both radiative decay and electron 

trapping and thus affecting FD and FB equally. It is worth noting that eqs 2 and 3 are equivalent for 

VEC < Vi and both describe the PL tuning by passivation/activation of surface traps. On the other 

hand, for VEC ≥ Vi the two equations describe the possible quenching mechanisms in two distinct 

ways. 

To illustrate the model, we use both eqs 2 and 3 to calculate the evolution of ΦPL as a function of 

the EC potential of both CIS and CIS/ZnS NCs using the experimental kRAD and kNRAD and a set of 

parameters chosen for matching the experimental ΦPL-values of both systems at VEC = 0 V (5% 

and 35%, respectively, Table S1 and Table S2). The results of the simulations under both negative 

and positive VEC are reported in Figure 4b,c. Our semiquantitative model, which does not consider 

voltage-dependent interface polarization or capacitive effects in the multilayer ITO/ZnO/NCs 

structure leading to nonlinearity in the PL response versus VEC, reproduces the main experimental 

trends for both samples by taking into consideration that electron trapping is more effective in 

core-only CIS NCs than in core/shell CIS/ZnS NCs due to the larger number of available surface 

electron traps in the absence of the wideband-gap shell. According to both equations, upon 

applying a negative VEC, the progressive filling of surface states with electrons increases the 

fraction of “bright” NCs in the ensemble, leading to a two-fold enhancement of ΦPL of CIS NCs, 

for which electron trapping dominates the exciton decay process at VEC = 0 V. On the other hand, 

the PL efficiency of CIS/ZnS NCs is essentially unaltered by the EC potential, which is in 

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b02040/suppl_file/nl7b02040_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b02040/suppl_file/nl7b02040_si_001.pdf
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agreement with the experimental data in Figure 1 and 3, and confirms that the wide-band-gap shell 

renders the majority of NCs in the ensemble “bright”. When VEC ≥ Vi, ΦPL of both samples 

decreases. In the case of γ = 5 V−1, corresponding to strong attenuation of the EC potential (lower 

left panel in Figure 4a,b), eq 2 predicts the progressively lower availability of intragap holelike 

Cu2+ centers upon direct electron injection, which outpaces the brightening effect due to suppressed 

surface electron trapping and affects “bright” and “dark” NCs subpopulations equally. Such trend 

further indicates that the Cu2+ states in each NC have nearly the same energy. On the other hand, 

for γ = 1 V−1, corresponding to no attenuation of the EC potential (lower right panel in Figure 4a,c), 

eq 3 describes the observed dimming by activation of ultrafast Auger recombination through the 

negative trion pathway, lowering the overall population of emitting NCs. The model also 

reproduces the modulation of the PL intensity at positive VEC, where a progressively lowered Fermi 

level activates electron traps in CIS NCs to a greater degree than in the core/shell system. 

Conclusions. In summary, we combined temperature controlled PL and SEC experiments to 

investigate the recombination mechanisms in ternary CIS NCs. PL experiments as a function of 

temperature reveal that electron trapping at surface defects is not a temperature-activated process. 

On the other hand, intrinsic nonradiative decay, which competes with radiative capture of the CB 

electron by intragap Cu-related defects, is thermally activated and can be suppressed by cooling 

samples down to cryogenic temperatures. This channel is independent of the quality of surface 

passivation and is possibly associated with internal electron accepting defects. Tuning the Fermi 

level by the application of an EC potential modifies the occupancy of the intragap electron traps 

(likely surface related), which leads to pronounced changes in the emission intensity of core-only 

CIS NCs. The effects of the EC potential are less pronounced in CIS/ZnS NCs due to the reduced 

abundance of intragap defects. Both systems show darkening at high negative EC potentials 

without modifications of the respective PL decay dynamics. This effect can be explained by 

electron injection into the NC CB leading to activation of nonradiative Auger recombination. An 

alternative (or additional) mechanism for PL quenching under high negative VEC is EC conversion 

of Cu2+ defects into Cu1+ species that are less emissive due to the need for capturing a photoexcited 

hole from the NC valence band, which competes with fast hole trapping by nonemissive defects 

activated at high Fermi levels. 

Methods. Synthesis of CIS and CIS/ZnS NCs. The CIS used in this study were synthesized 

following the procedure described in ref 74. Typically, copper(I) iodide and indium(III) acetate 

were dissolved in a mixture of 1-dodecanethiol (DDT) and oleylamine (OLA) in a round-bottomed 

flask, and the mixture was degassed for 30 min. The reaction flask was then heated to 230 °C for 

∼30 min. The ZnS shell of CIS/ZnS NCs has been grown through exposure of the CIS NCs to a 

solution of zinc oleate at elevated temperature, which formed the shell by cation exchange. 

Spectroscopic Studies. Absorption spectra of NCs in solution were measured with a Cary 50 

UV−vis spectrophotometer. Steady-state PL measurements were performed by exciting samples 

at 3.06 eV with picosecond-pulsed diode lasers. The emitted light was dispersed with a 

spectrometer and detected with a charged-coupled device (CCD). Transient PL measurements 

were carried out using ∼70 ps pulses at 3.06 eV from a pulsed diode laser (Picoquant LDH-P 

series). The emitted light was collected with a photomultiplier coupled to time-correlated single-

photon counting unit (time resolution ∼600 ps). Temperature-dependent PL and transient PL 

measurements were carried out on NC thin films drop-casted on quartz substrates and mounted 

inside a cryostat with optical access. PLE measurements were conducted using a xenon lamp 

dispersed by a double grating monochromator (Gemini, Jobin Yvonne) and the PL spectra were 

collected with a liquid nitrogen-cooled CCD camera coupled to a Jobin Yvonne Triax 

monochromator. 
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Spectro-electrochemical Measurements. Indium tin oxide (ITO) coated glass slides (50 × 7 × 

0.7 mm, RS < 100 Ω) were purchased from Delta Technologies (Part No. CG-90IN-CUV). The 

ITO coated surface was first covered with zinc oxide (ZnO) nanoparticles (NP) (Nanograde, ∼50 

nm diameter) to avoid quenching of NC emission by fast charge/energy-transfer to ITO. The ZnO 

NP layer (∼60 nm thick, as measured using a Dektak profilometer) was deposited by dip-coating 

the glass/ ITO substrate into an ethanol suspension of ZnO NPs (2 mg/mL, one dip for 10 s) and 

annealed at 150 °C for 10 min in a nitrogen glovebox. To test the stability of the glass/ITO/ZnO 

NP substrates during the potential scans, we performed control experiments in which we monitored 

changes in optical absorption spectra for prolonged exposures to negative and positive potentials. 

The results of these measurements indicate that the substrates are unaffected by either positive or 

negative electrochemical potentials for exposure times of tens of minutes, which are much longer 

than the measurement time used in our SEC experiments (∼300 s). 

The NCs were deposited onto the ZnO NP layer as a fewmonolayer thick film by dip-coating 

from a dilute hexane solution (optical density of 0.07 at 500 nm; 2 dips for 10 s). The ITO was 

connected as a working electrode to the potentiostat (Bio Logic SP-200 Research grade 

Potentiostat/Galvanostat) and the film was placed into a quartz cuvette filled with the electrolyte 

(0.1 M tetrabutylammonium perchlorate, TBAClO4, in propylene carbonate). Silver and platinum 

wires were used as quasi-reference and counter electrodes, respectively. All potentials reported in 

this work are measured relative to the quasi-reference silver electrode during staircase voltammetry 

scans (30 s per scan). 
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