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Abstract. Copper-doped semiconductors are classic phosphor materials that have been used in a 

variety of applications for many decades. Colloidal copper-doped semiconductor nanocrystals have 

recently attracted a great deal of interest because they combine the solution processability and 

spectral tunability of colloidal nanocrystals with the unique photoluminescence properties of 

copper-doped semiconductor phosphors. Although ternary and quaternary semiconductors 

containing copper, such as CuInS2 and Cu2ZnSnS4, have been studied primarily in the context of 

their photovoltaic applications, when synthesized as colloidal nanocrystals, these materials have 

photoluminescence properties that are remarkably similar to those of copper-doped semiconductor 

nanocrystals. This review focuses on the luminescent properties of colloidal copper-doped, copper-

based, and related copper-containing semiconductor nanocrystals. Fundamental investigations into 

the luminescence of copper-containing colloidal nanocrystals are reviewed in the context of the 

well-established luminescence mechanisms of bulk copper-doped semiconductors and copper(I) 

molecular coordination complexes. The use of colloidal copper-containing nanocrystals in 

applications that take advantage of their luminescent properties, such as bio-imaging, solid-state 

lighting, and luminescent solar concentrators, is also discussed. 
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1. Introduction 

 
Luminescent copper-doped semiconductors played a central role in the emergence of 20th-

century lighting and display technologies. In particular, Cu+-activated ZnS and related Cu+-

containing semiconductors have been employed as integral components of many black-and-white 

and color display technologies, including in oscilloscopes, televisions, and electroluminescent 

devices. Decades of industrial and academic research dating back to the late 19th century have 

yielded a sophisticated understanding of the chemical, spectroscopic, physical, and electrical 

properties of this class of materials, culminating in their broad technological adoption.1  

Several types of luminescence are observed in bulk copper-activated ZnS and related 

semiconductors (Figure 1D). The specific luminescence feature that is observed depends primarily 

on the ratio of activator (Cu+) to charge-compensating co-activator (e.g., Al3+, Cl-) ions,2,3 both of 

which are believed to be randomly distributed over substitutional lattice sites. The important 

luminescence in Cu+-activated ZnS for practical applications is the so-called copper "green" (or 

"G-Cu") luminescence, which occurs when Cu+ and co-activator concentrations are nearly equal.3-5 

Although analogous G-Cu luminescence is observed with different colors in Cu+-doped 

semiconductors of different compositions,4,6 it is still commonly referred to by the G-Cu name 

given to it in Cu+-doped ZnS. Excitation spectra for the G-Cu photoluminescence (PL) in Cu+:ZnS 

show two bands.7 One band (~330 nm) corresponds to the ZnS fundamental absorption edge and 

indicates that excitation of the host lattice efficiently sensitizes the G-Cu PL. The other band (~375 

nm) is a weaker sub-bandgap feature that corresponds to direct donor-type photoionization of Cu+. 

Assignment of the G-Cu luminescence as involving recombination of a co-activator-bound 

electron with the ionized copper, i.e., a donor-acceptor pair (DAP) recombination, was established 

in the early 1950s.8,9 Strong electron-phonon coupling at the copper dopants makes the G-Cu PL 
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much broader than the host's band-edge emission. In addition, contributions from many DAPs with 

different intra-pair distances or donor-electron binding energies causes further inhomogeneity in 

both the luminescence bandshape and the luminescence decay time.10,11 The latter can exceed 

minutes in bulk and is responsible for the characteristic afterglow associated with these 

phosphors.12,13 Color tunability for device applications has been achieved via cation alloying,1 for 

example in the Cu+,Cl−:Zn1−xCdxS composition series.14 The very high efficiency of the G-Cu 

luminescence from DAP recombination in Cu+-doped semiconductor phosphors motivated the 

wide application of this class of materials in cathode-ray tubes and powder-type AC 

electroluminescent devices.1 

In recent years, tremendous advances in synthesis and materials characterization have enabled 

development of entirely new forms of these phosphor materials with crystallite dimensions now on 

the nanometer rather than micrometer length scale. Innovations in materials development often 

stimulate technological advances, and with exquisite control over nanocrystal (NC) size, shape, 

composition, hetero-interfacing, and surface chemistry, these fundamental research advances are 

motivating researchers to seek new applications for these classic phosphors. Many of these new 

applications may simply capitalize on the dispersibility of colloidal semiconductor nanocrystals, 

which allows solution processing and even liquid-phase applications of these phosphors for the 

first time, for example in bio-imaging or co-processing with polymers.15 Other new applications 

may further exploit changes in electronic structure or photophysics resulting from crystallite size 

reduction to length scales that rival those of free electrons in these semiconductors, for example in 

quantum-dot photonics. Along with these attractive opportunities come new challenges associated 

with doping nanocrystals, characterizing complex nanostructures analytically, and understanding 

their rich physical properties at a deep fundamental level. 
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This review focuses on the luminescent properties of colloidal copper-containing 

semiconductor nanocrystals (NCs). Various parallels are drawn between copper-doped 

semiconductor NCs, copper-based semiconductor NCs, bulk copper-doped semiconductors, and 

luminescent molecular copper complexes. For example, Figure 1 compares the luminescence 

mechanism of copper-doped semiconductor NCs to that of the most common bulk copper-doped 

semiconductor phosphor, Cu+,Al3+:ZnS, and that of tetrahedral Cu(I) bis(phenanthroline) 

complexes. The green and pink shaded areas in Figures 1A-C illustrate the locations of the hole 

and electron, respectively, in the luminescent excited states of these systems.  

 

 
Figure 1. Cartoon illustrations of the spatial distribution of charges in the luminescent 
excited state (top) and orbital energy-level diagrams depicting the luminescence 
mechanism (middle) for A) the G-Cu PL in bulk Cu+,Al3+:ZnS, B) a colloidal Cu+-doped 
semiconductor nanocrystal, and C) a substituted Cu(I) bis(phenanthroline) molecular 
complex. D) PL spectra of several different types of copper-doped bulk ZnS at room 
temperature (solid lines) and 4.2 K (dashed lines). The spectrum highlighted in green 
corresponds to the G-Cu-type DAP luminescence from Cu+,Al3+:ZnS. Adapted with 
permission from ref. 5. Copyright 1964 Physical Society of Japan. E) PL spectrum of a 
single Cu+-doped CdSe nanocrystal measured at room temperature. Adapted with 
permission from ref. 16. Copyright 2015 American Chemical Society. F) Absorption and 
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emission spectra of a Cu(I) bis(phenanthroline) complex measured at room temperature. 
Adapted with permission from ref. 17. Copyright 1999 American Chemical Society. 

 
As described above, extensive research into the G-Cu luminescence mechanism has 

demonstrated that photoexcitation of a bulk Cu+-containing phosphor (arrow 1 in Figure 1A) leads 

to deep hole trapping at Cu+ to form a Cu2+-like ion (arrow 2) and partial electron localization 

around an Al3+ (or other co-activator) dopant (arrow 3) to form a donor-acceptor pair. 

Recombination of the electron and hole (arrow 4) produces the classic G-Cu luminescence shown 

in Figure 1D (shaded green). Figure 1D also shows luminescence spectra from Cu+-doped 

semiconductors containing co-dopants other than Al3+, such as Cl−, I−, or In3+, and from materials 

grown at off-stoichiometries that stabilize other charge-compensating defects.5 As evident from 

Figure 1D, the G-Cu DAP luminescence from copper-doped semiconductors is characterized by a 

broad bandwidth (full-width at half-maximum (fwhm) ~ 300 meV), largely attributable to the 

strong electron-nuclear coupling of the highly localized hole.4 For any given donor-acceptor pair, 

the distance between the donor and acceptor determines the rate of radiative DAP recombination, 

with smaller donor-acceptor distances leading to faster recombination.10 Consequently, donor-

acceptor pair luminescence in bulk copper-doped phosphors is characterized by non-exponential 

PL decay due to the distribution in donor-acceptor separations, and can be very slow, with 

timescales as long as several minutes at 10 K.12  

In the molecular Cu+ bis(phenanthroline) complexes represented in Figure 1C, photoexcitation 

of a metal-to-ligand charge transfer (MLCT) transition (arrow 1) promotes an electron from a 

Cu+(t2) orbital to a π* orbital of one of the phenanthroline ligands, formally forming Cu2+ in the 

excited state.17-22 This MLCT excited state undergoes a Jahn-Teller distortion that reduces the 

molecular symmetry from D2d to D2 within one picosecond of photoexcitation.20,23-25 Radiative 

recombination of the electron on the phenanthroline with the hole on the copper ion (arrow 2) 
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regenerates the Cu+ ground state and produces the MLCT luminescence spectrum shown in Figure 

1F. The broad bandshape (fwhm ~ 380 meV) of this luminescence is a direct consequence of the 

large nuclear reorganization energy associated with the Jahn-Teller distortion of the Cu2+-like 

MLCT excited state.24,26 Luminescence decay in molecular copper complexes is faster than that in 

bulk copper-doped phosphors, with single-exponential lifetimes in the range ~0.05-5 µs, depending 

on temperature and, for example, on the phenanthroline substituents (R).17,21-23 

Figure 1B illustrates the luminescent excited state of a Cu+-doped semiconductor nanocrystal. 

As in bulk copper-doped phosphors, inter-band photoexcitation (arrow 1) promotes an electron 

from the valence band (VB) to the conduction band (CB). Rapid localization of the VB hole to the 

Cu+ dopant (arrow 2) produces a Cu2+-like ion. This excited state is analogous to the MLCT 

excited state in the molecular system of Figure 1C, except the nanocrystal CB plays the role of the 

ligand π* orbital. We therefore refer to this as a metal-to-ligand (conduction band) charge-transter 

(MLCBCT) excited state. Unlike bulk copper-doped semiconductors, copper-doped semiconductor 

NCs do not need a donor-like co-dopant to localize the electron near the acceptor because the CB 

electron is quantum confined and consequently delocalized over the entire nanocrystal volume. 

This confinement increases the average wavefunction overlap of the electron and the copper-

localized hole in copper-doped NCs compared to the bulk phosphors, and the luminescence 

lifetimes are concomitantly shorter in the NCs (~50-500 ns at room temperature, see Table 1). Also 

unlike the bulk phosphors, Cu+ charge compensation is always facile in the nanocrystals because 

of the proximity of the nanocrystal surfaces.27,28 Recombination of the CB electron with the 

copper-localized hole produces luminescence with a single-particle bandwidth (fwhm ~ 350 meV 

at 298 K) similar to that observed in both the bulk and molecular systems (Figure 1E).16 
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Table 1 summarizes the basic luminescence properties of several copper-doped and copper-

based semiconductor NCs that will be discussed in this review. The entries range from doped 

semiconductor NCs containing copper at concentrations of a few percent of the total number of 

cations to quasi-stoichiometric ternary and quaternary copper-based semiconductor NCs. 

(Although there are also several reports of luminescence from small metallic copper 

nanoclusters,29-33 these materials fall beyond the scope of this review and are not considered here.) 

The data in Table 1 were measured at room temperature, except for the PL energies of 

Cu2ZnSn(S1-xSex)4 NCs, which were measured for a series of samples with various selenium 

concentrations at 20 K.34 EPL represents the energy of the PL peak associated with copper, and Eabs 

is the energy of the first absorption peak of the host nanocrystal. We refer to the quantity Eabs-EPL 

as the “effective Stokes shift” to differentiate it from the true Stokes shift, which describes the 

energy difference between absorption and PL transitions involving the radiative excited state, e.g., 

the MLCBCT state in copper-doped NCs. The distinction between “effective” and “true” Stokes 

shifts in these materials is discussed in more detail in Section 4.2. The data compiled in Table 1 

demonstrate that (i) EPL and the effective Stokes shift (Eabs-EPL) vary as the composition of the host 

material changes, and (ii) the fwhm and lifetime of the PL are very similar for all of the materials 

listed in Table 1, including the ternary and quaternary copper-based materials. This review 

describes in detail the origins and implications of these general observations in the context of the 

luminescence mechanism outlined in Figure 1B.  

Section 2 briefly reviews the development of syntheses of colloidal copper-containing 

semiconductor NCs and discusses how these syntheses enabled the discovery of the dependence of 

EPL on nanocrystal size and composition in both copper-doped and copper-based nanocrystals. 

These observations established the consensus view that the luminescence in copper-doped 
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nanocrystals occurs via recombination of a conduction-band electron with a copper-localized hole. 

Section 2 ends with a discussion of the oxidation state of copper in the nanocrystal ground state, 

which determines the nature of the luminescent excited state, and about which there have been 

conflicting reports. Section 3 describes how the luminescence spectrum of a copper-containing 

semiconductor nanocrystal changes upon applying a redox perturbation – either by addition of 

chemical redox reagents or via an applied electrochemical potential. Section 4 describes the 

luminescent excited states in copper-doped and copper-based NCs in more detail, and includes 

results from density functional theory (DFT), single-particle spectroscopy, temperature-dependent 

PL measurements, and magnetic circularly polarized luminescence (MCPL) spectroscopy. Finally, 

Section 5 describes the use of luminescent copper-containing nanocrystals in bio-imaging, light-

emitting diodes (LEDs), and luminescent solar concentrators (LSCs).  

Table 1. Luminescence Properties of Colloidal Copper-Containing Semiconductor Nanocrystals 
  

Host EPL Eabs-EPL PL fwhm PL lifetime Ref. 

ZnS 2.3-3.0 eV 1.2-2.0 eV 0.4-0.6 eV 54-500 ns 35-41 
ZnSe 2.3-2.8 eV 0.6-0.8 eV 0.3-0.5 eV 40-540 ns 41-57 
CdS 1.5-2.1 eV 1.2-1.3 eV 0.5-0.6 eV 800-1000 ns 41,58-60 
CdSe 1.5-1.8 eV 0.5-0.8 eV 0.3-0.4 eV 300-500 ns 16,41,61-64 
CdTe 2.1 eV 0.2 eV ~0.35 eV  41 
InP 1.1-1.9 eV 0.7-0.9 eV 0.2-0.4 eV 200-500 ns 64-67 
CuInS2 1.3-2.5 eV 0.25-0.5 eV 0.3-0.4 eV 100-500 ns 64,68-75 
CuInSe2 1.3-1.9 0.14-0.18 eV 0.2-0.4 eV  76,77 
Cu2ZnSn(S1-xSex)4 0.9-1.4 eVa ~0.1 eVb 0.2-0.3 eVb  34,78,79 

aMeasured at 20 K 
bMeasured in a PV device 

 

 2. Synthesis and Structural Characterization of Colloidal Copper-Containing Nanocrystals 

 
Progress in the synthesis of luminescent copper-doped colloidal semiconductor NCs mirrors 

that in the synthesis of colloidal semiconductor NCs in general. The earliest reports from the mid-

1980s through the 1990s describe the synthesis of copper-doped CdS and ZnS colloidal NCs by 

simply adding small amounts of copper salts to the aqueous-phase arrested precipitation reactions 
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used to make the undoped nanocrystals.35,38,39,58,59 More recent approaches use a similar strategy of 

adding small amounts of copper precursors to hot-injection or heat-up syntheses previously 

developed for the undoped semiconductor host nanocrystals. In these syntheses, the copper is 

either present in the reaction mixture when nanocrystal nucleation occurs,43,46,62,80 or it is added 

after growth of the host nanocrystals is complete.41,44,46,48,60,65 The latter method typically involves 

addition of copper at a temperature lower than that used for growth of the host nanocrystals, 

followed by extended incubation to allow the copper ions to enter the nanocrystal lattice via partial 

cation exchange. Cluster-seeded heat-up or cluster-thermolysis methods have also been used to 

synthesize copper-doped semiconductor NCs, specifically copper-doped CdSe NCs.61,63 Ternary 

and quaternary copper-based semiconductor NCs such as CuInS2, CuInSe2, and Cu2ZnSn(S1-xSex)4 

are typically made by either heat-up68,69,71,75,81 or hot-injection methods.70,76,82-84 The heat-up 

methods involve adding the cation and anion precursors to the same pot and heating to a high 

temperature to induce nanocrystal nucleation and growth. The hot-injection methods involve rapid 

injection of anion precursors into a pot containing hot cation precursors, or vice versa. The 

synthesis of CuInS2 NCs from pre-formed Cu2-xS NCs via partial cation exchange was recently 

reported,85,86 as was a related sequential cation-exchange method used to synthesize 

CuInSe2/CuInS2 dot-in-rod and CuInTe2/CuInSe2 core/shell NCs from the corresponding 

CdSe/CdS dot-in-rod and CdTe/CdSe core/shell NCs, respectively.87 

This brief overview overlooks many of the important details of these synthetic methods that 

enable them to successfully produce copper-doped or copper-containing nanocrystals. These 

details include tuning the reactivity of the copper precursor relative to the host cation precursor to 

promote doping, finding the right temperature to enable doping without degradation of the host 

nanocrystal, and several other subtleties. Exhaustive descriptions of these details are beyond the 
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scope of this review, and we refer the interested reader to prior reviews that are more focused on 

related synthetic challenges.88-93 Here, we instead focus on describing experiments controlling 

nanocrystal sizes, host compositions, and copper concentrations that have revealed how each of 

these parameters affects the luminescence of copper-doped semiconductor NCs. Such data, 

collected for a variety of luminescent copper-doped semiconductor NCs, have ultimately 

substantiated the assignment of this luminescence to recombination of delocalized conduction-

band electrons with copper-localized holes. Analogous experiments on other copper-containing 

nanocrystals are then discussed in relation to these findings. 

 
2.1. Size and Composition Dependence of Copper-Centered Photoluminescence 

 

The effects of nanocrystal size and composition on the energy of the copper-based 

luminescence in copper-doped semiconductor NCs support assignment of this luminescence as 

MLCBCT recombination of the type illustrated in Figure 1B. As discussed above, this transition 

involves recombination of an electron from the NC conduction band with a hole localized at a 

copper dopant. To first order, the energy of the copper acceptor level is pinned relative to vacuum, 

but the CB energy can be tuned by changing the NC size and composition. The energy-level 

diagrams in Figure 2A illustrate how the MLCBCT PL energy is expected to change with NC 

size:41 quantum confinement widens the bandgap and raises the CB energy as the NC size 

decreases, which results in a concomitant increase in the MLCBCT PL energy. Figure 2B plots PL 

spectra for undoped InP (top) and Cu+:InP (bottom) NCs of varying sizes.65 Both the excitonic and 

copper-based PL peaks shift to higher energies as the NC size decreases, consistent with the 

proposed MLCBCT assignment. Notably, the Cu+:InP NC PL is broader and lower in energy than 

the excitonic PL of similarly sized InP NCs.65,66 Size-tunability of the copper-based PL energy has 
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also been demonstrated in several copper-doped II-VI semiconductor NCs, including ZnS,41,94 

ZnSe,41,44,47,53 CdS,41,60 CdSe,41 and CdTe.41 

 

 

 
Figure 2. A) Energy-level diagram showing the effect of quantum confinement on 
excitonic absorption and MLCBCT PL energies in copper-doped NCs. The PL energy is 
size-dependent because the conduction-band energy increases with decreasing nanocrystal 
size while the energy of the copper defect level remains relatively constant. Adapted with 
permission from ref. 41. Copyright 2012 American Chemical Society. B) PL spectra of 
undoped (top) and copper-doped (bottom) InP NCs of various sizes. Adapted with 
permission from ref. 65. Copyright 2009 American Chemical Society. 

 
In addition to changing with NC size, the energies of the CB and VB edges can also be tuned 

by changing the NC composition, similar to what has been demonstrated in bulk 

semiconductors.1,4,14 Comparing the difference in effective Stokes shifts (Eabs-EPL) of different host 

nanocrystals containing copper dopants provides evidence that the copper acceptor level is indeed 

approximately pinned relative to vacuum. Figure 3A shows absorption and PL spectra of a series 

of 3.8-nm diameter II-VI semiconductor NCs doped with copper.41 The absorption spectra all 

resemble the spectra of the corresponding undoped NCs, with excitonic transitions that exhibit the 
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same energy ordering as the bulk bandgaps shown in Figure 3B. The copper-based MLCBCT bands 

in each PL spectrum are similarly very broad, but the difference in energy between the first 

excitonic absorption peak and the peak of the MLCBCT PL (Eabs-EPL) depends on the host 

nanocrystal. The PL spectra for copper-doped ZnSe, CdS, and CdTe each also contain a narrower, 

high-energy PL peak consistent with excitonic PL, indicating the likely presence of undoped NCs 

in these samples. 

 

 
Figure 3. A) Absorption and emission spectra of various colloidal copper-doped II-VI 
semiconductor nanocrystals with d = 3.8 nm. B) Band-edge alignment and copper dopant 
level relative to vacuum in the corresponding bulk copper-doped II-VI semiconductors. 
Adapted with permission from ref. 41. Copyright 2012 American Chemical Society. 

 
Figure 3B shows the bulk band-edge alignment of each of the II-VI nanocrystals shown in 

Figure 3A, along with a pinned copper acceptor level. This energy-level diagram demonstrates that 

the effective Stokes shifts shown in Figure 3A match the energy differences between the bulk VB 

edges and the pinned copper acceptor level fairly well, consistent with the MLCBCT luminescence 
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mechanism and supporting the assumption of a pinned copper impurity level. DFT calculations 

suggest minor variations in the absolute energy of the copper acceptor level with NC size and 

composition due to changes in hybridization between the copper 3d orbitals and the anion p 

orbitals that dominate at the VB edge.95 The influence of such variations in hybridization on the 

copper-based PL energy is expected to be small relative to the impact of NC size and composition. 

This interpretation is supported by the PL spectra of alloyed NCs such as Zn1−xCdxS,91 

Zn1−xCdxSe,96 Zn-In-Se,97 and Zn-In-S98 that have been doped with copper. Tuning the CB energy 

by alloying alters the energy of the MLCBCT luminescence. For example, the luminescence of Cu+-

doped Zn-In-S alloyed nanocrystals shifts to lower energy as the CB energy decreases with 

increasing indium concentration. The resulting samples have emission that is tunable throughout 

the visible spectrum.98 

Variable-temperature PL measurements on copper-doped NCs can provide further insight into 

the nature of the luminescence under investigation. Figure 4 details the temperature dependence of 

both excitonic and MLCBCT PL features in a sample of copper-doped ZnSe NCs.43 Both features 

increase in intensity and shift to higher energy with decreasing temperature, as shown in Figure 

4A. Figure 4B plots the energies of the peak maxima versus temperature for both emission bands. 

The solid lines represent fits of these temperature-dependent peak energies to the Varshni 

equation.99 Both data sets produce fit parameters similar to those obtained for bulk ZnSe. Upon 

cooling from 300 K to 4 K, the excitonic PL energy increases by 116 meV, and an extrapolation of 

the Varshni fit yields an increase of ~92 meV for the copper-based PL. Given the assignment of 

the copper-based PL to an MLCBCT transition in which the energy of the copper-bound hole is 

fixed, this 92 meV shift can be interpreted in terms of the temperature dependence of the 

conduction-band energy alone. The ratio of the change in conduction-band energy (from the 
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copper-based PL temperature dependence) to the total bandgap shift (from the excitonic PL 

temperature dependence) is 0.79. Based on the effective masses of the electron and hole in ZnSe, 

the expected value for this ratio is (me
*)–1/[(me

*)–1 + (mh
*)–1] ≈ 0.82 in the limit of a deeply 

localized hole in the luminescent MLCBCT excited state.43 The good agreement between these 

values provides strong support for the MLCBCT assignment of the copper-based PL. 

 

 
Figure 4. A) Temperature-dependent PL spectra of r = 3.4 nm copper-doped ZnSe NCs. B) 
Plot of the energies of the ZnSe excitonic (closed circles) and copper-based (open squares) 
PL peaks versus temperature. The solid lines represent fits of the data to the Varshni 
equation. Adapted with permission from ref. 43. Copyright 2001 American Institute of 
Physics. 
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Given luminescence from recombination of a CB electron with a copper-localized hole 

(Figures 2-4) and the pinning of the copper acceptor level (Figures 3, 4), the change in the position 

of the MLCBCT PL with NC size can be used to quantify the change in the CB-edge energy with 

size for a variety of NC host materials.41,66 Similarly, the change in the effective Stokes shift of the 

MLCBCT PL with size can be used to map out the size-dependence of the VB-edge energy. The 

closed red circles in Figure 5A plot the size-dependence of the difference between the CB- and 

VB-edge energies of colloidal copper-doped CdSe NCs and those of bulk CdSe as determined by 

the positions of the MLCBCT PL peak and the excitonic absorption peak.41 The solid black lines 

represent values predicted from a tight-binding theoretical model100 and the half-filled circles plot 

the results of calculations using a many-body pseudo-potential method.101 The red experimental 

data have been offset such that the VB energy of the largest NCs matches that predicted by the 

theoretical calculations. This vertical shift accounts for the absolute energies of the band edges. 

The experimental variations of the band-edge energies with size agree well with the theoretical 

predictions and also with experimental trends obtained from X-ray absorption spectroscopy (XAS, 

open black circles) of undoped CdSe NCs.102 
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Figure 5. A) Plot of the difference between the CB- and VB-edge energies of colloidal 
copper-doped CdSe NCs and those of bulk CdSe versus nanocrystal diameter determined 
experimentally using the position of the copper PL relative to the optical bandgap (solid red 
circles) and from X-ray absorption spectroscopy102 (open black circles). The experimental 
data are consistent with values predicted from a tight-binding theoretical model100 (solid 
black lines) and from a many-body pseudopotential method101 (half-filled black circles). B) 
Plot of the energies of the CB and VB (inset) edges relative to those predicted for a 9-nm 
NC versus NC diameter, determined from the position of the copper PL relative to the 
optical bandgap for copper-doped ZnS (black), ZnSe (red), CdS (green), CdSe (maroon), 
and CdTe (blue). The solid lines are the results from calculations using a tight-binding 
model. Adapted with permission from ref. 41. Copyright 2012 American Chemical Society. 
 
MLCBCT PL has also been used to determine the band-edge energies of several other copper-

doped II-VI semiconductor NCs and also of copper-doped InP NCs.41,66 Figure 5B plots the 

energies of the CB- and VB-edges determined by the position of the MLCBCT PL peak and the 

effective Stokes shift, respectively, versus NC diameter for various copper-doped II-VI 

semiconductor NCs. The data in Figure 5B are plotted relative to the energies predicted for a d = 9-

nm NC. These data are consistent with results predicted by a tight-binding theoretical model, and 

demonstrate the general use of MLCBCT PL in copper-doped NCs to map out band-edge 

energies.41 Furthermore, these data verify experimentally that the size dependence of the VB-edge 
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energy is roughly the same for all II-VI metal-chalcogenide semiconductor NCs examined here, 

but the size dependence of the CB-edge energy depends on the material, with CdTe having the 

steepest size dependence. 

The introduction of different co-dopants along with copper offers another mechanism for 

tuning the PL energy and effective Stokes shift of copper-doped NCs, as well as providing more 

deliberate charge compensation of Cu+ ions (discussed further in Section 2.4).39,103-108 Figure 6A 

shows absorption and PL spectra of copper-doped ZnSe NCs containing various M3+ co-

dopants.107 The undoped ZnSe NCs have a bandgap of 2.97 eV, with excitonic emission centered 

at 2.84 eV. After copper is introduced into the lattice, the MLCBCT emission peak appears at 2.40 

eV. Incorporation of certain aliovalent co-dopants such as Ga3+ or In3+ shifts the luminescence to 

lower energy and increases the luminescence lifetime, attributed to introduction of localized donor 

states within the bandgap that trap electrons (Figure 6B).107 These observations suggest that these 

co-doped NCs luminesce by a DAP mechanism that is closely analogous to that observed in bulk 

Cu+-doped semiconductors co-doped with Al3+ or In3+.5,12 DAP luminescence has also been 

proposed in Cu+,Br−:ZnS NCs105 and Cu+,Al3+:ZnS nanostructures.103 In contrast with Ga3+ or In3+, 

the 3s and 3p orbitals of Al3+ co-dopants are proposed to hybridize with the conduction-band 

orbitals of the ZnSe NC, rather than form a mid-gap donor state, and thereby shift the energy of the 

MLCBCT PL to slightly higher energies.107 The incorporation of Al3+ co-dopants also improved the 

PL quantum yield of copper-doped ZnSe NCs.106 This effect was attributed to the replacement of 

charge-compensating mid-gap electron traps with Al3+ co-dopants that provide charge 

compensation without quenching PL.106,107 These findings demonstrate the use of co-dopants to 

tune the luminescence of copper-doped semiconductor NCs.  
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Figure 6. A) Absorption and PL spectra of undoped ZnSe nanocrystals and copper-doped 
ZnSe nanocrystals containing a variety of co-dopants. B) Energy-level diagram depicting 
the luminescence transitions in Cu+-doped ZnSe nanocrystals co-doped with Al3+ (cyan), 
Ga3+ (yellow), and In3+ (orange). The energy of the luminescence depends on the identity 
of the co-dopant. Adapted with permission from ref. 107. Copyright 2015 American 
Chemical Society. 
 
 

2.2. Concentration of Copper Dopants 

 

Figure 7 plots PL spectra of a series of Cu+:CdSe nanocrystal samples synthesized by a hot-

injection method in which a solution of selenium in trioctylphosphine (TOP) was injected into a 

mixture of cadmium oleate and copper stearate.62 The amount of copper stearate used in the 

reaction increases as the sample number increases from 1 to 7. The spectra show two PL features: 

a narrow peak centered at ~560 nm corresponding to excitonic emission from undoped CdSe NCs, 
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and a broad peak centered at ~780 nm due to copper-based MLCBCT emission from Cu+:CdSe 

NCs. As the amount of copper stearate increases, the excitonic PL intensity decreases and the 

MLCBCT PL intensity increases, indicating increased Cu+ doping and a concomitant decrease in 

the population of undoped nanocrystals within the ensemble. Quantification of the copper dopant 

concentrations using the relative excitonic and copper-based PL intensities in Figure 7, assuming a 

Poisson distribution of copper dopants among the NCs in the ensemble and exclusively copper-

based PL from copper-doped NCs, agreed well with direct measurements of the copper 

concentrations by inductively coupled plasma atomic emission spectroscopy (ICP-AES).62 This 

agreement supports association of the higher-energy, excitonic PL peak with a subset of undoped 

CdSe NCs. Similarly, the intensity of copper PL also increased relative to that of the trap PL 

associated with undoped ZnS NCs as the copper precursor concentration was increased in the 

synthesis of copper-doped ZnS NCs.38 

 

 
Figure 7. PL spectra measured at room temperature of solutions of colloidal Cu+:CdSe 
NCs made with increasing amounts of copper stearate. The narrow PL peak at ~560 nm is 
due to excitonic recombination from undoped subsets of CdSe NCs, and the broad PL peak 
centered at ~780 nm is the copper-based MLCBCT PL of copper-doped CdSe NCs. Adapted 
with permission from ref. 62. Copyright 2009 Springer. 
Reaction time and temperature also determine the extent of copper incorporation, and hence 

the relative excitonic and MLCBCT PL intensities. For example, Figure 8A shows the temporal 
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evolution of the PL spectrum of ZnSe NCs in the presence of copper oleate in octadecene at 40 

°C.46 The feature at ~410 nm corresponds to excitonic PL. The intensity of this feature decreases 

and reaches a plateau after about 45 min, but the overall bandshape is maintained and MLCBCT PL 

is not observed. When the temperature is raised to 60 °C and the reaction is allowed to run for 100 

min, the lower energy MLCBCT PL band appears (Figure 8B, dotted red line). Notably, excitonic 

PL is still observed and remains more intense than the MLCBCT PL under these conditions, 

indicating a significant subset of undoped ZnSe NCs. The relative intensity of the MLCBCT PL 

grows with increasing reaction temperature, dominating the PL spectrum for reactions run at 100 

°C. The majority of NCs formed under these reaction conditions are thus doped with copper. 

Similar effects of reaction temperature and time on final copper concentrations are observed in the 

syntheses of other copper-doped semiconductor NCs.65,94 
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Figure 8. A) Temporal evolution of the PL spectra of ZnSe NCs upon the addition of 
copper oleate at 40 °C. B) PL spectra of ZnSe NCs after reacting with copper oleate for 100 
min at various temperatures. Adapted with permission from ref. 46. Copyright 2009 
American Chemical Society. C) MLCBCT PL quantum yield and D) copper concentration 
as determined by EDS of Cu+:InP/ZnSe core/shell NCs plotted versus ZnSe shell thickness 
for Cu:P precursor ratios of 5% (green circles), 10% (blue diamonds), and 20% (orange 
triangles). Adapted with permission from ref. 65. Copyright 2009 American Chemical 
Society. 
 
Similar to many other luminescent semiconductor NCs, epitaxial growth of shells of other 

semiconductors can mitigate the effects of surface traps and improve the MLCBCT PL quantum 

yield (QY) in copper-doped semiconductor NCs.65,107,109 Copper concentrations in the core 

nanocrystals often decrease during shell growth, however. Figure 8C-D illustrates attempts to grow 

ZnSe shells on Cu+:InP NCs by alternating injections of zinc and selenium precursors followed by 

thermal cycling.65 The percentages of copper noted in Figure 8C-D represent the amounts of 

copper stearate used in the syntheses of the Cu+:InP core NCs relative to the phosphorus precursor, 

which is the limiting reagent in the formation of InP nanocrystals in this particular synthesis.65,110 

As shown in Figure 8C, the first two monolayers of ZnSe shell growth improved the MLCBCT 

luminescence QY in all cases, but continued shell growth had varying consequences depending on 

the initial amount of copper precursor. The MLCBCT QY increased through five monolayers of 

shell growth to reach a maximum of nearly 35% for the sample in which the initial Cu:P ratio was 

0.2, whereas it started to decrease after just three monolayers of shell growth for the sample in 

which the initial Cu:P ratio was 0.05. These observations were supplemented by elemental analysis 

via energy-dispersive spectroscopy (EDS), which indicated copper loss during shell growth 

(Figure 8D). Similar “self-purification” at elevated temperatures has been suggested for some 

Mn2+-doped NCs.46,111-113 The extremely high mobility of copper in II-VI and III-V 

semiconductors facilitates its removal from the NCs during shell growth.114 Although some copper 
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loss could not be avoided, the data in Figure 8D show that large amounts of copper in the initial 

nanocrystal cores allow successful formation of copper-doped core/shell NCs. 

In addition to changing the synthesis conditions, some reports describe how addition of excess 

ligands, such as phosphines or thiols, during or after synthesis of copper-doped semiconductor 

NCs can change the relative intensities of excitonic and MLCBCT PL.41,109 Unlike the study of 

Figure 7, these reports present a vastly different interpretation. Specifically, the data have been 

interpreted assuming divalent copper (Cu2+) in the nanocrystal ground state, and the presence of 

both excitonic and MLCBCT PL is attributed to competition between recombination of a CB 

electron with a VB hole and with a “permanent” hole on the Cu2+.109 In this interpretation, the 

same NC can thus emit via excitonic recombination or MLCBCT recombination, with the relative 

probabilities of these two recombination processes controlled by the NC surface ligands. 

According to this interpretation, addition of phosphines or thiols changes the probability that the 

VB hole will be trapped by surface states before it has a chance to recombine with the CB electron, 

thereby changing the ratio of excitonic to MLCBCT PL. This interpretation hinges on the existence 

of prominent excitonic luminescence from Cu2+-doped nanocrystals, however, and therefore merits 

some skepticism. Scenarios involving the co-existence of undoped and doped NCs within the same 

ensemble may be more likely given the electronic structures of Cu2+-doped semiconductors. The 

properties of copper dopants in different ground-state oxidation states are discussed in more detail 

in Section 2.4. 

 

2.3. Copper-Based Semiconductor Nanocrystals 

 

Colloidal semiconductor nanocrystals that incorporate copper quasi-stoichiometrically, such as 

CuInS2 (CIS), CuInSe2 (CISe), Cu2ZnSnS4 (CZTS), and Cu2S, in some cases exhibit luminescence 

spectra with energies or bandshapes that are very similar to those observed in copper-doped 
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semiconductor nanocrystals (See Table 1). This section compares the optical properties of these 

copper-based NCs with those of the copper-doped NCs discussed above, with a particular focus on 

CuInS2 and Cu2ZnSnS4 NCs. Cu2S NCs are discussed briefly in Section 3, and the mechanism of PL 

in CuInS2 NCs is discussed in more detail in Section 4.3. 

CuInS2 is a direct-bandgap semiconductor with a bulk bandgap of ~1.5 eV.115-118 Rapid increases 

in band-gap energy with decreasing size are observed for CuInS2 NCs with diameters below ~8 

nm,70,119,120 and a weaker size dependence is reported for diameters between 10 and 16 nm.70 In 

general, CuInS2 NCs exhibit broad, featureless absorption spectra (Figure 9A)70,88 that contrast with 

the highly structured absorption spectra of II-VI semiconductor nanocrystals.121,122 The PL spectra of 

CuInS2 NCs are also broad, with reported bandwidths ranging from ~300 to 400 meV (fwhm), and 

large Stokes shifts that range from ~250 to 500 meV (see Table 1).68-71,75 As with copper-doped 

semiconductor NCs, the broad bandshapes and large Stokes shifts are retained throughout the 

quantum-confined size regime.69,70,123 Figures 9A and 9B show absorption and PL spectra from a set 

of CuInS2 NCs of various sizes (d = 2.5-16 nm). The energy of the absorption edge ranges from 

1.65 to 3.55 eV and the PL peak energy ranges from 1.3 to 2.5 eV.70 Attempts to narrow the 

absorption and PL peaks of CuInS2 NCs through size-selective precipitation have been 

unsuccessful, prompting the suggestion that inhomogeneity in size distribution is not the primary 

origin of the broad absorption and emission bands.70 Additionally, surface treatments that alter the 

size distributions of CuInS2 NCs, as measured by transmission electron microscopy (TEM), have 

been shown to leave the large absorption and PL bandwidths unchanged.74 The origin of the broad 

PL bandwidth of CuInS2 NCs is discussed in Section 4.3. CuInSe2 NCs have absorption and PL 

properties that are very similar to those of CuInS2 NCs, but for a given NC size their absorption 

and PL spectra are shifted to lower energies,89,119,124 consistent with the difference in the bulk 
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bandgaps of these materials115 and attributable primarily to the higher energy of the VB-edge in 

CuInSe2 compared to CuInS2. 

 

 
Figure 9. Room-temperature A) absorption and B) PL spectra of colloidal CuInS2 
nanocrystals with diameters ranging from ~2.5-16 nm. As the nanocrystal diameter 
increases, both the absorption onset and PL peak shift to lower energies. Adapted with 
permission from Ref. 70. Copyright 2009 American Chemical Society. C) PL spectra of 
Cu2ZnSn(S1–xSex)4 nanocrystals measured at 20 K with values of x ranging from 0 to 0.8. 
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The broad emission band shifts to lower energy and narrows as the percentage of selenium 
(x) increases. Adapted with permission from Ref. 34. Copyright 2013 Wiley. 
 

The energy of the PL peak in CuInS2 NCs is also somewhat tunable with composition. For 

copper-deficient CuInS2 NCs, the absorption and PL both shift slightly to higher energy as the 

copper concentration decreases, but retain similar bandshapes.74,125 This blue-shift has been 

attributed to lowering of the VB energy upon removal of copper. A red-shift in absorption and PL 

has been reported for copper-rich CuInS2 NCs, but it is unclear from the data whether the NC size 

remained constant, so the observed red-shift may not be purely due to changes in composition.126 

Interestingly, several groups report that the PL quantum yield is optimized for a copper-deficient 

CuInS2 composition, with the brightest samples having Cu:In ratios from 0.4 to 0.8.74,125-127 ZnS and 

CdS shell growth are also found to increase PL QYs in CuInS2 NCs.65,71,128  

The first syntheses of colloidal Cu2ZnSnS4 NCs yielded NCs with diameters greater than 10 nm, 

too large to exhibit quantum confinement effects.81-83 Cu2ZnSnS4 NCs with diameters below 10 nm 

were subsequently prepared and quantum confinement effects were observed by absorption 

spectroscopy at diameters below ~6 nm.84,129-131 Similarly, small Cu2ZnSnSe4 NCs (d ~ 3-4 nm) also 

exhibit confinement effects in their absorption spectra.132 Unlike CuInS2 NCs, PL in Cu2ZnSnS4 NCs 

is typically very weak, and often is not observed at all.84,131 Figure 9C shows PL spectra measured at 

20 K of Cu2ZnSn(S1–xSex)4 nanocrystals prepared by hot injection, with values of x ranging from 0 to 

0.8.34 As the selenium concentration increases, the PL band shifts to lower energy and becomes 

narrower. This PL redshift is consistent with previous reports demonstrating a shift of the 

absorption edge to lower energy with increasing Se2- content.133,134 Despite interest in colloidal 

Cu2ZnSnS4 and Cu2ZnSn(S1−xSex)4 NCs as potential precursors for solution-processed PVs made of 

non-toxic and earth-abundant elements, detailed photophysical studies of Cu2ZnSnS4 and 

Cu2ZnSn(S1−xSex)4 nanocrystals are rather scarce. There are reports of PL from sintered 
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Cu2ZnSn(S1−xSex)4 nanocrystal films and Cu2ZnSn(S1−xSex)4 solar cells,78,79,135 but the data in Figure 9C 

appear to be the only PL spectra of colloidal Cu2ZnSn(S1−xSex)4 NCs published to date. 

 

2.4. Copper Oxidation State 

 

The literature contains conflicting claims about copper oxidation states in copper-doped 

semiconductor NCs. Most synthetic procedures use Cu2+ precursors for copper 

doping.39,41,46,59,60,62,65,91 Many groups have suggested that Cu2+ is reduced to Cu+ during 

nanocrystal synthesis, yielding Cu+-doped nanocrystals as the product.16,39,59,62,91 Addition of CdS 

NCs to a solution of a Cu2+ salt causes a decrease of the electron paramagnetic resonance (EPR) 

signal associated with Cu2+, consistent with reduction of Cu2+ to Cu+ by the CdS NCs,59 although 

the microscopic details remain unclear. Most syntheses of copper-doped nanocrystals are also 

carried out under anaerobic conditions at high temperatures (> 200 °C) in the presence of electron-

rich solvents and ligands, such as olefins, phosphines, and amines, that may be capable of reducing 

other precursors during the reaction.41,44,46,60,62,65,91 For example, octadecene, which is perhaps the 

most common solvent for nanocrystal synthesis, reduces SeO2 to Se2− at high temperatures in the 

"heat-up" synthesis of CdSe nanocrystals.136 Trioctylphosphine, a very common ligand in 

nanocrystal syntheses, also reacts with copper (II) stearate, which is bright blue, to form a pale 

yellow product consistent with reduction to Cu+.62 

These observations provide circumstantial indication that Cu2+ precursors are likely reduced to 

Cu+ during nanocrystal synthesis, but they do not provide enough evidence to assign the oxidation 

state of copper in the final copper-doped nanocrystal product. Many reports cite the lack of a Cu2+ 

EPR signal when concluding that the dopants are Cu+,16,39,48,91,137,138 while others assume that the 

oxidation state of the Cu2+ precursors is preserved during the nanocrystal synthesis.41,47,60,109 

Although the absence of a Cu2+ EPR signal is consistent with copper in its Cu+ oxidation state, it is 
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insufficient to make a definitive assignment. This section compares the optical properties of 

copper-doped semiconductor NCs to those of Cu+- and Cu2+-doped bulk semiconductors and 

presents data from X-ray measurements on copper-doped NCs to address the copper oxidation 

state in copper-doped semiconductor NCs. 

Cu+ and Cu2+ can both act as luminescence activators in bulk II-VI semiconductors, but their 

different electronic structures result in very different absorption and luminescence spectra. Figure 

10 summarizes key spectroscopic differences between Cu+- and Cu2+-doped ZnS (bulk). Figure 

10A shows PL spectra of Cu+,Al3+:ZnS measured at different temperatures between 4 and 373 K.5 

The G-Cu PL is observed, centered at ~2.4 eV. Figure 10B shows absorption and PL spectra of 

Cu2+-doped ZnS (bulk) measured at 4.2 and 4.8 K, respectively.139 In contrast with Cu+ in ZnS, 

Cu2+ dopants do not produce any luminescence in the visible range and instead show only near-

infrared (NIR) luminescence centered at ~0.75 eV. This NIR luminescence originates from 

transitions within the 3d shell of the Cu2+ ion. The Cu2+(3d) orbitals are split by the tetrahedral 

crystal field of the host semiconductor to form a lower-energy doubly degenerate e set and a 

higher-energy triply degenerate t2 set. In the ground-state 3d9 configuration, the unpaired electron 

resides in the t2 orbital set, forming a 2T2 ground state. The absorption spectrum in Figure 10B 

arises from promotion of an e electron to the t2 set to form a 2E excited state, and the luminescence 

comes from the corresponding radiative 2E ® 2T2 relaxation. Spin-orbit splittings within the 2T2 

and 2E terms and vibronic coupling combine to produce the rich structure shown in Figure 10B. 

This fine structure has been analyzed to yield a deep understanding of the electronic structure of 

Cu2+ in II-VI semiconductor lattices, including detailed descriptions of Jahn-Teller, spin-orbit, and 

Zeeman splittings of this NIR luminescence.139-142 
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Figure 10. A) PL spectra of Cu+,Al3+:ZnS (bulk) measured at temperatures from 4 to 373 
K. Adapted with permission from ref. 5. Copyright 1964 Physical Society of Japan. B) 

Absorption (right) and PL (left) spectra of Cu2+:ZnS (bulk) measured at 4.8 K and 4.2 K, 
respectively. The solid and dotted lines represent data collected from two different samples. 
The luminescence intensity maximum occurs at ~0.75 eV. Adapted with permission from 
ref. 139. Copyright 1965 American Physical Society. C) Ground-state (dashed line) and 
photoinduced (solid line) absorption spectra of Cu+,Al3+:ZnS (bulk), measured at liquid 
nitrogen temperature. Adapted with permission from ref. 12. Copyright 1971 Physical 
Society of Japan. D) Photoluminescence excitation spectrum of the near-infrared Cu2+:ZnS 
luminescence shown in (B), measured at 1.8 K. The peaks labeled C and D correspond to 
the same transitions labeled C and D in the photoinduced absorption spectrum shown in 
(C). Adapted with permission from ref. 143. Copyright 1992 IOP Publishing. E, F) State 
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diagrams illustrating the absorption and photoluminescence transitions shown in (A-D) for 
Cu+,Al3+:ZnS (E) and Cu2+:ZnS (F). The black curly arrows illustrate nonradiative decay 
from the initially prepared excited state to the luminescent excited state. The absorption 
transitions labeled A, C, and D correspond to the spectroscopic features with the same 
labels in (C) and (D).  

 

In bulk Cu+-doped phosphors, the existence of very slow DAP recombination enables the 

measurement, on slow timescales, of the absorption spectrum of the metastable charge-separated 

(DAP) state formed upon photoexcitation. Figure 10C shows ground-state (dashed line) and 

photoinduced (solid line) absorption spectra of Cu+,Al3+:ZnS (bulk) measured at ~80 K.12 The 

ground-state absorption spectrum is dominated by the "characteristic" MLCBCT band, which 

corresponds to promotion of an electron from Cu+ to the conduction band (transition A). The 

photoinduced absorption spectrum contains the same d-d transitions characteristic of Cu2+ shown 

in Figure 10B (transition C), and also reveals broad charge-transfer absorption corresponding to 

excitation of VB electrons to fill the copper-localized hole (ligand-(VB)-to-metal charge transfer, 

LVBMCT, transition D). The sharp feature at ~0.1 eV (transition B) in the photoinduced absorption 

spectrum has been assigned to excitation of shallow Al3+-bound electrons into the conduction 

band. These spectra clearly demonstrate that Cu2+ ions form upon photoexcitation of 

Cu+,Al3+:ZnS. DFT calculations on Cu+-and Cu2+-doped CdSe NCs predict absorption spectra for 

these two oxidation states that are similar to the ground-state and photoinduced absorption spectra 

of Figure 10C, respectively.95 

Figure 10D shows a photoluminescence excitation (PLE) spectrum measured at 1.8 K for the 

near-infrared Cu2+ luminescence shown in Figure 10B.143 This excitation spectrum contains the 

same d-d and LVBMCT features shown in the photoinduced absorption spectrum of Figure 10C 

(labeled C and D, respectively), as well as a feature associated with excitation across the bandgap 
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(NB-EX). This PLE spectrum demonstrates that inter-band excitation in Cu2+-doped ZnS leads to 

rapid nonradiative internal conversion followed by near-infrared d-d luminescence.  

Figures 10E and 10F show qualitative state diagrams illustrating the absorption and PL 

transitions summarized in Figures 10A-D for Cu+ and Cu2+ dopants in bulk ZnS, respectively. For 

Cu+-doped ZnS, excitonic (10E, purple arrow) or MLCBCT (10E, green arrow) excitation formally 

ionizes Cu+ to form a Cu2+-like ion, which exhibits the characteristic Cu2+ d-d (10F, maroon 

arrow) and LVBMCT (10F, orange arrow) absorptions shown in Figure 10C for the duration of the 

charge separation. Recombination of an electron from the conduction band (eCB) or a shallow 

donor state (eD) with this Cu2+ ion produces the G-Cu PL (10E, green arrow) shown in Figure 10A, 

and regenerates the Cu+ ground state. For Cu2+-doped ZnS, excitonic (10F, purple arrow) or 

LVBMCT (10F, orange arrow) excitation leads to nonradiative relaxation through the broad 

manifold of LVBMCT excited states to populate the lowest energy 2E (3d9) ligand-field excited 

state of Cu2+, which produces the near-infrared d-d luminescence (10F, maroon arrow) shown in 

Figure 10B. Importantly, the large density of LVBMCT excited states, which directly reflects the 

valence-band density of states, facilitates rapid nonradiative internal conversion to the 2E (3d9) 

Cu2+ excited state and precludes luminescence from excited states with higher energies. Very 

similar spectroscopy has been reported for Cu+- and Cu2+-doped CdS (bulk),139,143 and the above 

description appears to be generally applicable to other chalcogenide lattices,4 bearing in mind that 

for some chalcogenides the LVBMCT excited states may actually extend to energies lower than the 

d-d excited states. In part because of its very deep VB edge, Cu2+-doped ZnO is unique among II-

VI semiconductors in that it shows LVBMCT (transient shallow acceptor) luminescence in addition 

to d-d luminescence.143,144 
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The luminescence of copper-doped semiconductor NCs resembles the broad, visible G-Cu-type 

MLCBCT luminescence of the corresponding Cu+-doped bulk semiconductors. Near-infrared 

luminescence arising from d-d transitions of Cu2+ has not been reported for any copper-doped 

NCs. Furthermore, the near-infrared d-d and LVBMCT transitions associated with ground-state 

Cu2+ should be readily detectable by absorption and particularly magnetic circular dichroism 

(MCD) spectroscopies, but near-infrared and visible MCD spectra of copper-doped NCs show no 

sign of either of these transitions.16,64 The optical properties of copper-doped NCs are therefore 

consistent with the presence of Cu+ ions in the ground state. The above comparisons furthermore 

suggest that the electronic structures of Cu2+-doped chalcogenide semiconductor NCs preclude the 

observation of long-lived excitonic PL from such NCs. 

Beyond optical spectroscopies, the copper oxidation states in various semiconductor NCs have 

been probed by X-ray absorption and X-ray photoelectron spectroscopies.42,61,63,106,138,145 These 

measurements universally support assignment of a Cu+ oxidation state in the ground state. For 

example, Figure 11A compares the Cu L-edge X-ray absorption near-edge spectrum (XANES) of 

copper-doped CdSe NCs to that of copper metal (Cu(0)) deposited on Si,  CuI (Cu+), and CuSe 

(Cu2+), normalized at the L3 maximum.61 The X-ray absorption onset energy in the copper-doped 

CdSe NCs is most similar to that of CuI, indicating that copper incorporates into these NCs in the 

+1 oxidation state. Similarly, Figure 11B presents results of K-edge XANES measurements of 

copper-doped CdSe NCs alongside spectra of Cu foil (Cu(0)), CuCl (Cu+), and CuCl2 (Cu2+) 

standards.63 Again, the copper-doped CdSe NC data are consistent with a Cu+ oxidation state. Cu 

K-edge XANES106 and X-ray photoelectron spectroscopy (XPS)42 measurements performed on 

copper-doped ZnSe NCs also indicate incorporation of copper in the +1 oxidation state.  
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Figure 11. A) Cu L-edge XANES spectra of Cu+:CdSe nanocrystals, Cu metal, CuI, and 
CuSe. Adapted with permission from ref. 61. Copyright 2004 American Chemical Society. 
B) Cu K-edge XANES of CdSe:Cu4, Cu foil, CuCl, and CuCl2. Adapted with permission 
from ref. 63. Copyright 2013 American Chemical Society. 
 
Extended X-ray absorption fine structure (EXAFS) data indicate that Cu+ is a substitutional 

dopant in II-VI NCs.39,63,138 The +1 oxidation state means that copper requires a positive 

countercharge to compensate for its substitution of a +2 lattice cation. Some reports have described 

the use of cationic substitutional co-dopants, such as Al3+, In3+, or Ga3+ (see Figure 8),103,106-108 or 

anionic substitutional co-dopants, such as Cl− or Br−,39,104,105 to provide the compensating charge. 

Even in the absence of a co-dopant, however, the excess charge of a substitutional Cu+ impurity 

can be easily compensated at the nanocrystal surface through the loss of a negatively charged 

ligand or through a surface non-stoichiometry.27,28 The charges of up to 95% of aliovalent Al3+ 

dopants in Al3+:ZnO nanocrystals are compensated at the NC surfaces, for example.27 Although 

Cu+ is often a p-dopant in bulk chalcogenides, Cu+-doped chalcogenide NCs do not exhibit the 
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excitonic bleach or intra-band absorption features characteristic of charge-compensating 

delocalized p-type carriers,28 indicating negligible charge compensation by this route. EXAFS data 

collected on copper-doped ZnS NCs suggest that some copper dopants may be compensated by 

adjacent anion vacancies.138 In bulk systems, first-coordination-sphere anion vacancies are 

responsible for the "red" copper ("R-Cu") luminescence,4,5,146 and such dopant-vacancy complexes 

do not contribute to the G-Cu luminescence that is almost exclusively observed in nanocrystals. 

Only one example of potential R-Cu PL in Cu+-doped NCs could be found (see Figure 22, Section 

4.4).37 Furthermore, the very small zero-field splittings observed by MCPL in Cu+:CdSe and 

Cu+:InP NCs64 are consistent with those observed for four-coordinate Cu+ centers in bulk II-VI and 

III-V semiconductors.147-149 A three-coordinate Cu+ center formed by an adjacent anion vacancy 

would likely have a much larger zero-field splitting due to its greater structural anisotropy. 

Therefore, the Cu+ centers compensated by anion vacancies observed by EXAFS likely do not 

contribute to the observed luminescence. It is intriguing to consider the possibility that such 

dopant-vacancy pairs might actually exist but not luminesce, perhaps contributing to the low PL 

QYs frequently observed in Cu+-doped NCs, but at this time such an interpretation would be 

purely speculative. 

 
3. Redox Properties 

 
The previous section established that the characteristic broad luminescence of copper-doped 

nanocrystals arises from Cu+ dopants rather than from Cu2+ dopants. Under many conditions, Cu+ 

ions may be easily oxidized to Cu2+ by addition of a suitable oxidant or application of an 

appropriate electrochemical potential. This section describes how redox experiments have been 

used to affect the optical properties of copper-containing nanocrystals. 
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In stoichiometric Cu2E (E = S, Se, Te), lattice copper adopts the +1 oxidation state. X-ray 

diffraction (XRD) and XPS studies on Cu2Se nanocrystals indicate oxidation of surface copper to 

form CuO.150 Various oxidizing and reducing reagents have been used to reversibly tune the 

surface chemistry and localized surface plasmon resonances (LSPRs) of these materials,151 but 

most reports do not discuss their luminescence. Compared to other copper-containing nanocrystals, 

the high inherent defect concentrations of even the quasi-stoichiometric copper chalcogenides 

likely hinder observation of their luminescence by introducing rapid carrier trapping or 

nonradiative Auger recombination pathways. 

Although rarely observed, Cu2–xS nanocrystals have been reported to exhibit a broad 

luminescence band similar to those of the copper-doped and copper-based nanocrystals described 

in Section 2, provided they are kept in inert atmosphere.152 Figure 12A shows PL spectra of Cu2–xS 

NCs at increasing values of x, collected during Cu+ oxidation and Cu2–xS vacancy formation 

caused by exposure to ambient atmosphere.152 With oxidation, the PL intensity decreases markedly 

until it is nearly unobservable. The inset shows that an intense NIR absorption band grows in 

simultaneously with the decrease in PL intensity, attributed to a LSPR involving charge-

compensating holes in the Cu2–xS valence band.152-154 Time-resolved PL measurements of Cu2–xS 

NCs (Figure 12B) reveal bi-exponential decay curves with fast and slow components that have 

time constants of roughly 10 ps (instrument-response limited) and 100 ps, respectively. As the 

nanocrystals oxidize and the LSPR grows, the fast decay component becomes more prominent and 

the longer-time component is suppressed, likely reflecting nonradiative Auger recombination 

facilitated by the introduction of extra charge carriers into the valence band.152 Both the PL 

intensity and LSPR absorption features are reversibly tunable using redox reagents. After exposure 

to O2 and complete quenching of the PL, addition of the reductant diisobutylaluminum hydride 
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leads to recovery of the PL intensity, attributed to reduction of valence-band holes as indicated by 

the simultaneous suppression of the LSPR.152 Upon re-oxidation (i.e., by re-exposure to air), the 

PL intensity decreases again and the LSPR re-emerges. These data illustrate facile redox control of 

the absorption and luminescence of copper-based semiconductor nanocrystals. 

 

 
Figure 12. A) PL spectra of colloidal Cu2–xS NCs (d = 5 nm) in toluene measured at 
varying times of exposure to O2. Inset: Corresponding increase in LSPR intensity upon 
oxidation. B) Time-resolved PL measurements (λexc = 400 nm) of Cu2-xS nanocrystals 
before oxidation, and at various degrees of oxidation. Adapted with permission from ref. 
152. Copyright 2012 American Chemical Society. 
 
As with the Cu2–xE NCs, redox chemistry has also been used to tune the optical properties of 

copper-doped semiconductor NCs. Figure 13A shows absorption spectra of ZnS NCs and copper-

doped ZnS NCs before and after addition of the reductant sodium borohydride (NaBH4).40 The 
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spectra of both the undoped and doped NCs show excitonic absorption at ~320 nm, and the doped 

NCs appear to remain intact after treatment with NaBH4. Figure 13B shows PL spectra of these 

copper-doped ZnS NCs at various times after addition of NaBH4. The as-synthesized doped 

nanocrystals exhibit a PL peak associated with surface traps centered around 420 nm; the undoped 

ZnS NC PL spectrum contains a similar PL peak. Upon addition of NaBH4, a second, broader 

luminescence peak grows in at 540 nm. When undoped ZnS NCs were treated similarly, no new 

luminescence peaks appeared. The dopant-related peak at 540 nm is reversibly removed upon 

adding potassium peroxodisulfate (K2S2O8), an oxidizing agent. Within 15 minutes, the re-

oxidation is complete and the PL peak at 540 nm has disappeared (Figure 13C). Figure 13D shows 

the EPR spectrum of the as-synthesized copper-doped ZnS NCs. A signal attributed to 

paramagnetic Cu2+ is observed at 330 mT, which is unusual for copper-doped nanocrystals. When 

NaBH4 is added, the EPR signal disappears (Figure 13E) as Cu2+ is reduced to Cu+. The EPR 

signal returns (Figure 13F) when K2S2O8 is added to oxidize Cu+ back to Cu2+. These results 

suggest that the dopant-related PL centered at 540 nm in copper-doped ZnS NCs, which is likely 

the MLCBCT luminescence, is associated with copper dopants in the +1 oxidation state, rather than 

the +2 oxidation state. Curiously, the EPR resonance in Figure 13D corresponds to a g value close 

to 2.0, which would be unexpectedly large for substitutional Cu2+ within ZnS. Spin-orbit 

interactions shift ground-state g values to well below 2.0 in bulk Cu2+-doped ZnS.140,141 It is 

unclear how to reconcile these observations, and the possibility that this EPR signal arises from 

some extrinsic copper in the nanocrystal sample must be considered. 
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Figure 13.  A) Absorption spectra of (i) ZnS (black), (ii) Cu2+:ZnS (red) and (iii) NaBH4-
treated Cu2+:ZnS (blue) nanocrystals. B) PL spectra of Cu2+:ZnS (i) prior to treatment with 
NaBH4 and (ii) 10 min, (iii) 20 min, (iv) 30 min, (v) 40 min, and (vi) 60 min after NaBH4 
treatment. C) PL spectra of Cu2+:ZnS NCs (i) treated with NaBH4, (ii) following pH 
adjustment by adding dilute HCl acid, (iii) immediately after treatment with K2S2O8, and 
(iv) 5 min, (v) 10 min and (vi) 15 min after K2S2O8 treatment. The arrows in (B) and (C) 
indicate the increase and decrease of the copper-based PL with time after addition of 
NaBH4 and K2S2O8, respectively. D-F) EPR spectra of (D) as synthesized Cu2+:ZnS 
nanocrystals, (E) Cu2+:ZnS nanocrystals treated with NaBH4, and (F) Cu2+:ZnS 
nanocrystals after subsequent addition of K2S2O8. Adapted with permission from ref. 40. 
Copyright 2014 Royal Society of Chemistry. 
 
Electrochemical methods have also been explored for tuning the optical properties of copper-

doped semiconductor NCs. Figure 14 shows luminescence spectra of copper-doped ZnSe/CdSe 

core/shell NCs measured as a function of applied potential.155 As in Figures 4 and 7, both band-

edge excitonic PL (centered at ~2.0 eV) and copper-based PL (centered at ~1.5 eV) are observed. 

As the applied potential is swept negative, the intensity of the copper-based PL increases by a 

factor of 2.2. Simultaneously, the intensity of the band-edge emission decreases by ~20%. 
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Accounting for the different bandshapes of the two PL features, the change in copper-based PL is 

~3 times as large as that in the band-edge PL. Both changes are reversible upon sweeping the 

applied potential back to zero volts.   

 
 

 
Figure 14. Three-dimensional plot of PL spectra (x and y axes) of a film of copper-doped 
ZnSe/CdSe core/shell NCs on Sn4+:In2O3 (ITO) measured under various magnitudes of 
negative applied potentials (z axis) in a spectroelectrochemical cell using propylene 
carbonate as an electrolyte and a silver wire reference electrode. Adapted with permission 
from ref. 155. Copyright 2012 American Chemical Society. 

 
Although the presence of both band-edge and copper-based PL could suggest that a significant 

fraction of the nanocrystals do not contain copper dopants (see Section 2.2), the authors here have 

proposed that both features actually arise from competing radiative recombination processes in the 

same copper-doped nanocrystals. Moreover, the broad MLCBCT luminescence was interpreted as 

originating from Cu2+ dopants,155 which appears unlikely given the electronic structures of Cu2+-

doped chalcogenide semiconductors discussed in Section 2.4. Nevertheless, the data do illustrate 

that the copper-based and band-edge PL respond differently to the applied potential. These 

changes in PL intensity with applied potential are most likely due to electrochemical modulation of 

the oxidation states of mid-gap surface traps,156 because the range of applied potentials used is far 

below the conduction band-edge.155 According to the authors of ref. 155, applying a negative 
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potential adds electrons to surface states, which has the dual effect of passivating electron traps 

while simultaneously activating hole traps. The copper PL is described as almost exclusively 

sensitive to electron traps because the hole is localized at a copper site in the MLCBCT excited 

state.16 The copper PL therefore increases in intensity upon reduction of surface electron traps.155 

On the other hand, the electron-trap passivation and hole-trap activation are described as largely 

offsetting one another, resulting in a relatively small decrease in the band-edge PL intensity. The 

results presented in Figure 14 demonstrate how the electronic structure of the MLCBCT excited 

state, which contains a delocalized electron and a localized hole, causes the copper-based PL to 

respond differently to a change in the surface redox state than a luminescent excited state in which 

both the electron and hole are delocalized.  

 
4. Photophysics 

 

4.1. Charge-Transfer Nature of the Luminescent Excited State 

 
Several spectroscopic and computational studies have been carried out to investigate the nature 

of the luminescent excited state in copper-doped NCs. DFT calculations on copper-doped 

semiconductors have provided insight into the position of the copper dopant levels relative to the 

band edges, and the extent to which the electron and hole are delocalized in the luminescent 

excited states.95,106,107 Figure 15A shows the energies of the molecular orbitals calculated for a 

discrete Cu+:Cd33Se34 NC using an atomic basis set and the hybrid PBE0 functional, with surface 

passivation from fractionally charged pseudo-hydrogen atoms.95 This calculation shows five 

doubly occupied orbitals with significant copper 3d character in the CdSe bandgap. Visualization 

of the natural transition orbitals (NTOs) for the lowest-energy excited state of a Cu+:Cd76Se77 NC 

indicates that the hole is localized at the copper while the electron is delocalized over the entire NC 
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volume, i.e., in the conduction band (Figure 15B). This result is consistent with the assignment of 

the luminescent excited state as a MLCBCT state discussed above. 

 

 
 

Figure 15. A) Calculated molecular-orbital energies for a Cu+:Cd33Se34 NC. The Cu(3d) 
atomic orbital character is highlighted in green and the highest occupied and lowest 
unoccupied molecular orbitals (HOMO and LUMO) are indicated by closed and open 
circles, respectively. Five doubly occupied orbitals with significant Cu(3d) character are 
located in the bandgap, near the VB edge. Adapted with permission from ref. 95. Copyright 
2016 American Chemical Society. B) Natural transition orbitals (NTOs) calculated for the 
lowest-energy singlet excited state of a Cu+:Cd76Se77 NC, showing the excited-state hole 
and electron wavefunctions. The hole is localized around the copper dopant, while the 
electron is delocalized in the conduction band. Adapted with permission from ref. 95. 
Copyright 2016 American Chemical Society. C) Partial density of states calculated for bulk 
Cu+,Al3+-codoped ZnSe (colored lines). The shaded black area represents the total density 
of states, and the contributions of the Cu 3d orbitals and Al 3s and 3p orbitals are shown in 
orange, red, and green, respectively. Reprinted with permission from ref 107. Copyright 
2015 American Chemical Society. D) Integrated local density of states calculated for bulk 
Cu+,Ga3+-codoped ZnSe, showing the spatial occupation of the density of states for the 
valence-band maximum (VBM), Cu+-related acceptor state, Ga3+-related donor state, and 
conduction-band minimum (CBM). Although the valence-band and conduction-band 
orbitals are delocalized, the acceptor and donor orbitals are localized around the Cu+ and 
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Ga3+ dopants, respectively. Adapted with permission from ref. 107. Copyright 2015 
American Chemical Society. 

 
Several DFT calculations on Cu+:ZnSe containing additional trivalent cationic co-dopants 

(M3+) have also shown copper-based acceptor levels in the ZnSe bandgap.106,107 Figure 15C shows 

the density of states for Cu+,Al3+:ZnSe (bulk) calculated using a plane-wave basis set and 64-atom 

supercell with the PBE functional.107 In these calculations, the Cu+ 3d(e) orbitals contribute to the 

valence band (sharp peak at -0.15 eV in Figure 15C), while the Cu+ 3d(t2) orbitals fall inside the 

bandgap (two peaks at 0.1-0.4 eV in Figure 15C). The 3s and 3p orbitals of the Al3+ co-dopant 

hybridize with CB orbitals largely comprising Zn2+ 4s and 4p orbitals, but with some anion 

contribution. In contrast, some M3+ co-dopants, such as Ga3+, are predicted to introduce localized 

donor states below the CB edge. Figure 15D depicts the relevant orbitals computed for 

Cu+,Ga3+:ZnSe (bulk): delocalized CB- and VB-edge orbitals, a localized acceptor orbital at Cu+, 

and a localized donor orbital at Ga3+. In this system, the calculations are interpreted as suggesting 

that PL in Cu+,Ga3+:ZnSe NCs stems from DAP recombination of a Ga3+-bound electron with a 

Cu+-bound hole. Importantly, all of the DFT results shown in Figure 15, regardless of host lattice, 

co-dopant, DFT method, or semiconductor dimensionality (NC or bulk) display localized copper 

acceptor levels within the bandgap, and significant hole localization at copper in the excited state. 

As shown in Figure 10C, bulk copper-doped semiconductors exhibit a broad, sub-bandgap 

"characteristic" absorption band corresponding to direct excitation of the Cu+ MLCBCT excited 

state.12 A weak, broad sub-bandgap absorption "foot" has also been reported for several copper-

doped semiconductor NCs.59,64,65 In copper-doped CdS NCs, this absorption foot was attributed to 

the formation of ultra-small Cu2−xS particles during copper doping.59 In copper-doped InP NCs, the 

sub-bandgap absorption was shown to increase with increasing copper concentration, and the foot 

was attributed to electronic doping from charge carriers that compensate the aliovalent Cu+ or Cu2+ 
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ions.65 CdS NCs co-doped with In3+
 and Cu+ also displayed a similar feature at high dopant 

concentrations.108 This result was attributed to the formation of alloyed CuxInxCd2−2xS2, which has 

a band structure similar to CuInS2 and typically displays a low-energy shoulder in the absorption. 

More recently, this absorption foot was examined in Cu+:CdSe and Cu+:InP NCs (Figure 16),64 

where it was attributed to direct MLCBCT excitation promoting a Cu+ electron to the conduction 

band, as it is assigned in bulk Cu+-doped ZnS.12 DFT calculations on small Cu+:CdSe NCs also 

predict a similar broad sub-bandgap absorption foot arising from MLCBCT excitation.95 The 

spectra in Figure 16 are plotted in terms of the per-copper extinction coefficient, εCu, thereby 

normalizing for the copper concentrations of each sample. Both copper-doped samples show 

similar values of εCu (εCu < 1000 MCu
−1cm−1). Figure 16 also includes the low-energy absorption 

spectrum of CuInS2 NCs, again plotted as εCu. Interestingly, the absorption spectrum of CuInS2 

NCs bears a striking resemblance to the MLCBCT absorption foot in the Cu+-doped semiconductor 

NCs, suggesting that the broad absorption onset of CuInS2 NCs may be due to an analogous 

MLCBCT-type transition that generates copper-localized holes, rather than excitonic absorption 

involving delocalized holes.64  

 
 

 
 

Figure 16. Absorption spectra of Cu+:CdSe (red), Cu+:InP (blue), and CuInS2 (green) NCs, 
plotted in units of per-copper extinction coefficient (εCu). The box highlights the sub-
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bandgap absorption, which is attributed to the Cu+ MLCBCT transition. Adapted with 
permission from ref. 64. Copyright 2015 American Chemical Society. 
 
Analysis of the temperature dependence of the PL lifetime and MCPL for Cu+-doped and 

CuInS2 NCs has revealed very similar singlet-triplet splittings in the luminescent excited states of 

all of these materials.64 Copper is in the +1 oxidation state in these materials, and no evidence for 

ground-state Cu2+ was observed.64 Figure 17A plots PL lifetimes versus temperature for Cu+:CdSe, 

Cu+:InP, and CuInS2 NCs. The lifetimes of all three materials show a remarkably similar 

dependence on temperature: at temperatures above 60 K, the lifetimes are fairly constant with 

temperature, but at temperatures below 60 K they increase steeply with decreasing temperature, 

although the PL QY is relatively constant.64 A previous report of nearly identical temperature-

dependent PL lifetimes in CuInS2 NCs attributed this behavior to carrier trapping and de-trapping 

processes.157 Figure 17A also plots the MCPL polarization ratio versus temperature, measured at 

an applied magnetic field of 6 T. A temperature-dependent MCPL signal is observed that is 

consistent with excited-state magnetic exchange coupling between the unpaired conduction-band 

spin and the unpaired copper-localized spin. This exchange interaction introduces an energy 

splitting between singlet and triplet luminescent excited states (Figure 17B). Analogous excited-

state singlet-triplet splittings were established for luminescent Cu+ molecular coordination 

complexes19,20,158 and bulk Cu+-doped semiconductors159,160 many years ago. Emission from the 

triplet excited state is formally spin-forbidden, and therefore has a smaller radiative rate constant 

(kT) than emission from the singlet excited state (kS). The observation that the PL lifetimes increase 

with decreasing temperature (Figure 17A) indicates that the triplet excited state is lower in energy 

than the singlet excited state, and hence that the exchange coupling between the CB-electron and 

the copper-localized spin is ferromagnetic in the MLCBCT excited states of these NCs (Figure 

17C).  
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Figure 17. A) MCPL intensities (6 T, closed crosses) and PL lifetimes (0 T, open circles) 
plotted versus temperature for Cu+:CdSe (red), Cu+:InP (blue), and CuInS2 (green) NCs. 
The solid gray lines are fits of the temperature-dependent lifetimes to a model that accounts 
for a distribution of singlet-triplet splittings in the luminescent excited state. B) Orbital 
energy level diagram depicting the ground-state and singlet and triplet luminescent excited-
state configurations of a copper-doped semiconductor nanocrystal. “CB” and “VB” denote 
the lowest- and highest-energy conduction- and valence-band orbitals, respectively. For 
simplicity, only the highest-energy copper 3d orbital is shown. C) Qualitative energy level 
diagrams illustrating the energies of the singlet and triplet luminescent excited states from 
(B) and their splitting in an applied magnetic field (B > 0), which gives rise to MCPL 
intensity. Adapted with permission from ref. 64. Copyright 2015 American Chemical 
Society.  

 
MCPL in the copper-doped NCs arises from a Zeeman splitting of the triplet MLCBCT excited 

state that decreases the energy of the mS = −1 sublevel, which emits right circularly polarized light 

(σ+), and increases the energy of the mS = +1 sublevel, which emits left circularly polarized light 

(σ-, Figure 17C).64 This splitting increases the mS = −1 population relative to the mS = +1 

population at low temperatures and large applied magnetic fields, and thereby gives rise to the 

observed MCPL signal. Because the singlet excited state does not split under an applied magnetic 
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field, MCPL selectively probes the triplet excited state to first order. Figure 17A demonstrates that 

the MCPL polarization ratio has the same temperature dependence as the PL lifetimes, confirming 

the interpretation of both in terms of a singlet-triplet splitting within the luminescent MLCBCT 

excited state. Fits of the lifetime data in Figure 17A to a kinetic model that accounts for a 

distribution in singlet-triplet splitting energies within the ensemble of NCs yielded average singlet-

triplet energies of ~1 meV for Cu+:CdSe, Cu+:InP, and CuInS2 NCs.64 DFT calculations on 

Cu+:CdSe NCs predict the experimental singlet-triplet splitting with the correct sign and 

magnitude.95 A non-linearity observed in the low-field field dependence (< 1 T) of the MCPL 

measured for copper-doped ZnSe/CdSe core/shell and CuInS2 NCs at low temperatures has been 

interpreted in terms of complex ground-state splittings of the Cu2+ acceptor.72 The singlet-triplet 

splitting diagram of Figure 17C suggests interpretation of this non-linearity, which was also 

observed in Cu+:CdSe and Cu+:InP NCs,64 in terms of a zero-field splitting of the luminescent 

triplet excited state.  

 
4.2. Origin of the Broad Photoluminescence Bandshape and Large Stokes Shift 

 

All of the copper-doped and copper-based semiconductor nanocrystals listed in Table 1 display 

broad PL with ensemble fwhm ~ 0.2-0.6 eV, much larger than the fwhm typically observed for 

excitonic luminescence (e.g., ensemble fwhm < ~0.1 eV for CdSe NCs).161-163 For both excitonic 

and copper-based PL, the ensemble fwhm can be inhomogeneously broadened by the NC size 

distribution, but if the ensemble size distribution is narrow enough, then the ensemble fwhm 

approaches the single-NC fwhm. The latter may still be inhomogeneously broadened due to 

spectral diffusion.164-166 For undoped CdSe NCs, the time-averaged single-particle excitonic fwhm 

is typically ~50 meV at room temperature.16,161,166,167 For copper-doped NCs, all indications are 

that the single-particle PL bands are nearly as broad as the ensemble values reported in Table 1, 
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with time-averaged fwhm values almost an order of magnitude greater than those typical of 

excitonic PL.16,155,168 These PL bandwidths have been investigated by optical microscopic studies 

of Cu+,Al3+:ZnS nanostructures formed by ion implantation168 and single colloidal Cu+:CdSe 

NCs,16 and also by luminescence line narrowing in ensembles of copper-doped ZnSe/CdSe 

core/shell NCs.155 Each measurement leads to the same conclusion: the copper-based luminescence 

in these materials is intrinsically broad.  

The luminescence of Cu+,Al3+:ZnS nanostructures has been measured using scanning near-

field optical microscopy (Figure 18A), revealing the room-temperature PL bandwidth of a single 

nanostructure to be ~350 meV.168 The PL spectrum narrows with decreasing temperature, possibly 

suggesting some vibronic contribution to the bandwidth, but the observed low-temperature fwhm 

of ~275 meV is still quite large. Here, the broad bandshape was attributed to strong electron-

phonon coupling and a distribution of donor-acceptor pair distances within the Cu+,Al3+-codoped 

ZnS nanostructures. PL spectra of single colloidal Cu+:CdSe NCs in the low-doping (single Cu+ 

per NC) limit have also been measured, from which a room-temperature fwhm of ~325 meV is 

obtained (Figure 18B).16 The broad bandshape in this base was attributed primarily to strong 

electron-phonon coupling, which leads to a large nuclear distortion around the copper in the 

luminescent excited state.16 Low-temperature fluorescence line narrowing measurements of an 

ensemble of colloidal copper-doped CdSe/ZnSe core/shell NCs (Figure 18C) show copper-based 

PL bandwidths of 350-400 meV.155 This technique uses a narrow excitation source centered below 

the average bandgap energy of the ensemble to selectively excite a small subset of the 

nanocrystals, thereby minimizing inhomogeneous broadening due to size distribution. The 

observation that the bandwidth of the copper PL is not much smaller in the fluorescence line-

narrowing measurement compared to the ensemble PL measurement suggests that the ensemble 
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bandwidth is largely unaffected by the NC size distribution. The authors attributed the broad 

bandshape to a distribution of energies of mid-gap copper levels due to differences in local 

environments, especially at the core/shell interface.155 

 

 

 
 

Figure 18. Bandshapes of copper-based PL measured in single nanostructures and an 
ensemble of colloidal NCs. A) Temperature dependence of the PL bandwidth of 
nanostructured Cu+,Al3+:ZnS. Inset: PL spectra of individual Cu+,Al3+:ZnS nanostructures 
measured at room temperature (top) and at 20 K (bottom). Adapted with permission from 
ref. 168. Copyright 2004 American Institute of Physics. B) Ensemble absorption and PL and 
single particle PL spectra collected at 298 K in Cu+:CdSe NCs. Adapted with permission 
from ref. 16. Copyright 2015 American Chemical Society. C) Fluorescence line narrowing 
measurement of copper-doped core/shell ZnSe/CdSe NCs at 1.55 K. Adapted with 
permission from ref. 155. Copyright 2012 American Chemical Society. 

 
DFT calculations support association of the broad bandshapes and large Stokes shifts observed 

in the MLCBCT PL of Cu+-doped NCs with large excited-state nuclear reorganization at copper.95 

Figure 19 illustrates the relationship between excited-state nuclear reorganization and PL 

bandshape and Stokes shift. As illustrated in the single-configurational-coordinate diagram of 

Figure 19A, excited-state distortion along some nuclear coordinate that is coupled to the electronic 

transition results in vibronic broadening of the associated absorption and PL bands. The 

broadening also generates a Stokes shift that is related to the nuclear reorganization energies of all 

relevant distortion coordinates. Figure 19B illustrates such vibronic broadening and the resulting 
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Stokes shift schematically. For copper-doped semiconductor NCs, the true Stokes shift describes 

the energy difference between the MLCBCT absorption “foot” (Figure 16) and the MLCBCT PL, not 

the energy difference between the excitonic absorption and MLCBCT PL, which is defined as the 

“effective” Stokes shift in Table 1 (Eabs-EPL). In molecular Cu+ complexes, MLCT excitation 

induces a large Jahn-Teller distortion that relieves the orbital degeneracy of the MLCT excited 

state.21,25,169,170 DFT calculations suggest that Cu+:CdSe NCs undergo an analogously large nuclear 

reorganization of a CuSe4 unit upon MLCBCT excitation, which further strains the surrounding 

lattice.95 The distortion around copper is dominated by contributions from a totally symmetric Cu-

Se bond-length contraction with A1 symmetry (in the Td point group) and a symmetry-breaking 

Jahn-Teller distortion of T2 symmetry.95 The computed distortion coordinates and their distortion 

phases are shown in Figure 19C. Figure 19D shows the simulated vibronic bandshape expected 

from the A1 and T2 distortions calculated by DFT. This spectrum has fwhm ~ 175 meV (at T = 0 

K), accounting for a major portion of the experimental PL bandwidths discussed above. These 

calculations thus explain the microscopic origins of the intrinsically broad MLCBCT PL 

bandshapes and large Stokes shifts observed in Cu+-doped semiconductor NCs, indicating that 

both features originate from strong electron-phonon coupling in the MLCBCT excited state. 

 



 

 50 

 
Figure 19. A) Single-configurational-coordinate diagram for a hypothetical electronic 
transition coupled to a totally symmetric nuclear distortion, relating the excited-state 
geometric distortion (DQ) to the PL Stokes shift (2ER) and the absorption and PL Frank-
Condon band profiles (e.g., related to E0-0−EPL). B) Schematic absorption (blue) and PL 
(red) spectra for the transition shown in (A), illustrating the relationship between the 
reorganization energy ER and the Stokes shift. C) Illustration of the two major distortions 
that contribute to the excited-state reorganization around the copper dopant in Cu+:CdSe 
NCs, calculated by DFT. D) Simulated PL spectrum (black) based on vibronic progressions 
for the two modes shown in (C) (red) and reorganization energies calculated by DFT. The 
smooth bandshape plotted in black comes from summing Gaussian functions for the 
individual vibronic transitions shown in red (σvib = 0.0243 eV). Adapted with permission 
from ref. 95. Copyright 2016 American Chemical Society. 
 

 

4.3. Mechanism of Photoluminescence in CuInS2 Nanocrystals 

 

It is interesting to note that the spectroscopic properties of many copper-based NCs such as 

CuInS2 appear strikingly similar to those of the copper-doped semiconductor NCs.64,72 Not just the 

absorption spectra (Figure 16), but also the PL spectra (Figure 9B), PL lifetimes and temperature 

dependence (Figure 17), and even MCPL (Figure 17) data are similar. The PL of CuInS2 and 

related NCs is typically interpreted in the same way as bulk CuInS2, by invoking various point 

defects,68,69,71,73,74,77,92,116,126,127,157,171-183 but these spectroscopic similarities suggest that similar 

microscopic descriptions of the luminescent excited states of Cu+-doped and Cu+-based 
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semiconductor NCs likely apply. Importantly, the PL of CuInS2 NCs is qualitatively very different 

from that of bulk CuInS2. Bulk CuInS2 has been studied extensively,116,171 primarily in relation to 

its photovoltaic (PV) applications.184-188 Figure 20 compares absorption and PL spectra of bulk and 

nanocrystalline CuInS2. Bulk CuInS2 is described as having a direct bandgap at ~1.5 eV.115-118 It 

typically displays sharp (fwhm ~ 2 meV) near-band-edge emission around 1.53 eV and broader 

(fwhm ~ 20 meV) deep-trap emission between 1.4 eV and 1.3 eV.116 The deep-trap PL is sensitive 

to preparation conditions, and it has been assigned as DAP recombination involving a deep 

acceptor level identified as either a copper vacancy (VCu, formed under In3+-rich growth 

conditions) or VIn or CuIn defects (formed under Cu+-rich growth conditions), and a relatively 

shallow donor level identified as InCu, VS, or an interstitial In (Ini).116,171,189,190 

 

 
Figure 20. Absorption and PL spectra of bulk and nanocrystalline CuInS2. The bulk 
absorption (solid red line, thin-film sample, adapted with permission from ref. 117, 
copyright 2006 IOP publishing) and luminescence (dashed red line, adapted with 
permission from ref. 116, copyright 1982 Elsevier) spectra have intrinsically different 
bandshapes than colloidal nanocrystalline CuInS2 absorption (solid blue) and PL (dashed 
blue) spectra. Colloidal spectra adapted with permission from ref. 71. Copyright 2011 
American Chemical Society. 

 
Like other semiconductor NCs, nanocrystalline CuInS2 has a size-tunable bandgap (Figure 

9A), but the absorption spectrum does not display a clearly defined excitonic maximum. Instead 

CuInS2 NC absorption spectra generally exhibit a broad first absorption band (centered at ~2.35 eV 

in Figure 20) that tails extensively to lower energies.70,75 The PL of CuInS2 NCs is considerably 
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broader than any of the PL bands of the bulk material, with fwhm ~200-500 meV (Table 1). The 

Stokes shifts of CuInS2 NCs are typically reported to be between 180 meV and 500 meV,64,69,71 

although the lack of a distinct absorption feature makes this value difficult to determine accurately. 

Overall, the PL of CuInS2 NCs is very different from that of bulk CuInS2. A similar conclusion 

also applies for CuInSe2.191,192 

The broad luminescence and large Stokes shifts in CuInS2 and CuInSe2 NCs are often 

explained by invoking a DAP recombination mechanism, analogous to the deep-trap emission of 

the corresponding bulk materials.68,69,172,175,176 As in the bulk materials, these donor and acceptor 

states have been associated with InCu or anion vacancy (VS or VSe) defects, and copper vacancies 

(VCu), respectively.126,127,177 One of the strongest pieces of evidence for the DAP mechanism is the 

observation of a PL redshift on the 100-nanosecond timescale in gated PL measurements,69,157 

although some reports attribute this redshift to size-dependent surface trapping kinetics.73,178 With 

DAP recombination, the distribution of donor-acceptor distances generates a distribution of PL 

energies and rate constants,10 which causes an apparent redshift in the PL peak energy over time.193 

The strong size dependence of CuInS2 and CuInSe2 NC PL energies does not appear to be 

compatible with a DAP model, however.77,127,179 Instead, the size-dependent PL energy was 

proposed to originate from a “free-to-bound” recombination mechanism in which one of the 

carriers is delocalized in the CB or VB and the other carrier is localized at a defect.77,127,179  

The excitation-power-dependent saturation of the photoinduced bleach of the first absorption 

peak in CuInS2 NCs, as measured by transient absorption spectroscopy, is consistent with a “free-

to-bound” PL mechanism in which the electron is in the CB and the hole is localized.71,73,180 Other 

ultrafast transient absorption and time-resolved PL measurements also support a “free-to-bound” 

recombination model in which the hole is the deeply trapped carrier.181,194 This proposed “free-to-
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bound” recombination of a CB electron with a localized hole is similar to the PL mechanism of 

copper-doped semiconductor NCs, except that the hole in CuInS2 and CuInSe2 NCs is proposed to 

localize at a point defect.77,127 As in the DAP mechanism, some reports have suggested copper 

vacancies (VCu) as the likely hole traps based on the similarity between the depth of the VCu 

acceptor state in bulk and the depth of the hole trap in the NCs, as well as the observation that the 

PL QY is generally higher for copper-deficient CuInS2 NCs compared to stoichiometric CuInS2 

NCs.73,77,127 It has also been proposed that the DAP and “free-to-bound” mechanisms coexist as 

competitive recombination pathways in CuInS2 NCs, with the dominant mechanism determined by 

the NC stoichiometry and whether the NC is shelled.127,173,177 Overall, several studies agree upon 

the general description of CuInS2 and CuInSe2 NC PL as a “free-to-bound” recombination 

involving a delocalized CB electron and a hole localized at a point defect.71,73,77,174,181,194  

A few reports assign the PL in CuInS2 NCs to a “free-to-bound” recombination in which the 

electron is localized at a point defect and the hole is delocalized in the VB.92,179,182,183 One of these 

studies bases the assignment of the electron as the localized carrier on DFT calculations of the 

energies of defect states in wurtzite CuInS2 NCs that identify Ini as an appropriate donor defect.182 

Another study assigns the electron as the localized carrier based on ultrafast transient absorption 

measurements in which a ~0.5-ps decay component was observed in a broad excited-state 

absorption feature centered at a lower energy than the PL, but was not observed in the recovery 

dynamics of the ground-state bleach.183 Three-pulse “pump-dump-probe” experiments confirmed 

that this excited-state absorption is not associated with the emissive excited state.183 Although the 

authors attributed this 0.5-ps decay to formation of the emissive excited state via nonradiative 

electron trapping to a donor defect (InCu),183 the alternative assignment to hole localization also 

appears consistent with all of the reported observations, including the lack of a corresponding 0.5-
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ps component in the ground-state-bleach recovery, a spectral feature known to reflect the 

population of CB electrons.71,180,181 In summary, studies that assign the PL in CuInS2 and CuInSe2 

NCs to “free-to-bound” recombination generally suggest the same point defects as found in 

bulk,116,171 particularly VCu, as the site of hole localization and Ini or InCu as the site of electron 

localization. 

A theoretical study of the band structure of small CuInS2 NCs based on the multi-band 

effective-mass approximation proposes a different PL mechanism that does not invoke defects.195 

From these calculations, the authors account for the large Stokes shift and long PL lifetimes in 

quantum-confined CuInS2 NCs by noting that the first inter-band electronic transition is formally 

symmetry forbidden and only becomes weakly allowed due to the low-symmetry crystal structure. 

In this scenario, the first allowed inter-band absorption transition occurs between a deeper VB 

level and the lowest-energy CB level, while PL occurs via the lower-energy weakly allowed 

excitonic recombination, accounting for the large intrinsic Stokes shift.195 The distinguishing 

feature of this description is that it does not invoke carrier trapping, although the authors still 

associate the PL of large CuInS2 NCs (which extends to energies below the bulk bandgap) to 

recombination involving copper vacancies.195 This model does not directly account for the large 

intrinsic PL bandwidths observed experimentally, however. 

The striking similarities in PL bandwidths, Stokes shifts, lifetimes, and MCPL between CuInS2 

and copper-doped semiconductor NCs has led to suggestions that a similar microscopic 

mechanism is responsible for the PL of both classes of materials. One possibility suggested 

recently is that both classes of NCs possess the same lattice defects (e.g., ground-state Cu2+ defects 

in both),72,174 allowing both to show the same free-to-bound recombination. The similarity in the 

absorption spectra of the copper-doped and copper-based NCs points to an alternative suggestion, 
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namely that CuInS2 NCs behave like heavily copper-doped NCs, showing MLCBCT recombination 

of CB electrons with holes localized at Cu+ lattice sites rather than defects.64 In this interpretation, 

holes localize at lattice Cu+ ions despite the translational crystallographic symmetry of the lattice 

in the process referred to as exciton self-trapping (see Figure 21).64,196-199 Exciton self-trapping has 

been studied extensively in several bulk and nanoscale semiconductors, particularly AgCl.198,200,201 

Self-trapping is induced by strong electron-phonon coupling that allows one of the exciton's 

carriers (the hole in the case of CuInS2 NCs) to be stabilized dramatically by a local lattice 

distortion. Like in the copper-doped NCs, large electron-phonon coupling in CuInS2 NCs likely 

involves Jahn-Teller coupling, which is particularly strong for Cu2+, in addition to a strong 

coupling with a totally symmetric local distortion (see Figure 19). As illustrated in Figure 21, the 

large excited-state nuclear distortion associated with hole self-trapping in CuInS2 NCs leads 

directly to the broad PL bandshape and large Stokes shift that characterize these NCs. Notably, this 

proposed self-trapping mechanism does not require lattice defects (vacancies, interstitials),64 which 

differentiates it from previous interpretations.72,92,116,189,190 The ability of all lattice copper ions to 

participate similarly in hole trapping is reflected in the similar per-copper extinction coefficients at 

the absorption edges of CuInS2 and Cu+-doped NCs (Figure 16), as well as in the robustness of the 

characteristic PL properties across a range of lattice copper concentrations spanning the 

stoichiometric CuInS2 and dilute Cu+-doped NC limits. The relatively large low-energy extinction 

coefficients of CuInS2 NCs are otherwise difficult to reconcile with proposals of PL involving rare 

point defects. 
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Figure 21. Qualitative single-configuration-coordinate diagram illustrating absorption, 
exciton self-trapping, and luminescence in CuInS2 NCs. Absorption of a photon (blue 
arrow) excites a CuInS2 NC from its ground state to a delocalized excitonic state. This 
“free” excitonic state rapidly relaxes to a self-trapped excitonic state via hole localization at 
a Cu+ site induced by strong vibronic coupling and a resulting nuclear distortion. 
Luminescence from this self-trapped excitonic state to the ground state (solid red arrow) is 
characterized by a large Stokes shift and a vibronically broadened bandshape. Direct 
excitation of the self-trapped excitonic state (dashed blue arrow) is observed as a 
comparably broad, low-extinction “foot” in the absorption spectrum. Adapted with 
permission from ref. 64. Copyright 2015 American Chemical Society.  

 

The above discussion raises an interesting unanswered question: why would the PL of CuInS2 

NCs be dominated by exciton self-trapping when the PL of bulk CuInS2 is dominated by carrier 

localization at point defects? One hypothesis may be that the stability of the self-trapped exciton 

relative to the delocalized exciton is size-dependent.64 According to this hypothesis, as the NC 

volume increases, the kinetic energy favoring hole delocalization increases, causing the self-

trapped exciton to become less stable relative to the delocalized exciton. Eventually, the energies 

of these two states could cross, causing the material to revert to bulk-like behavior. A related 

hypothesis is that the self-trapping energies are greater in CuInS2 NCs than in bulk CuInS2 because 

of the greater deformability of the NC lattices relative to bulk, associated with the very large 
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surface-to-volume ratios of the NCs. Lattice deformability is a key prerequisite of exciton self-

trapping.196-199 DFT calculations of Cu+:CdSe NCs do indeed show deeper hole trapping at copper 

ions located closer to the NC surfaces.95 Other reasonable hypotheses can also be formulated, and 

additional experiments are needed to test the viability of the exciton self-trapping mechanism in 

CuInS2 and related NCs. 

 

4.4. The Roles of Trap States 

 

Although the copper ions that localize holes to form the luminescent G-Cu-type MLCBCT 

excited states of copper-doped or copper-based semiconductor nanocrystals are essentially well-

defined "engineered" hole traps, other electron or hole traps can also affect the PL of these NCs. 

For example, in addition to the characteristic G-Cu luminescence (λem ~ 450-500 nm) typically 

observed in copper-doped ZnS nanocrystals,35,36,38,39 a red luminescence feature (λem ~ 600 nm) 

has also been observed in some cases (Figure 22A).37 The PLE spectrum for this red luminescence 

(Figure 22A) peaks at 345 nm, confirming that it indeed comes from nanocrystal excitation. Figure 

22B shows that the red emission becomes more prominent than the green emission at high 

temperatures (> 220 K) By analogy to bulk, the red emission is assigned to recombination 

involving an electron localized in a deep trap and a hole localized at copper. Heating apparently 

increases the concentration of deeply trapped electrons contributing to the red luminescence,37 

which are described in bulk as electrons localized at S2– vacancies (VS).146 Similarly, an orange 

emission observed in copper-doped ZnS nanorods has been assigned to recombination of a deeply 

trapped electron with a copper-localized hole.202 The green and red luminescence mechanisms thus 

differ only in whether the electron originates from the conduction band or a mid-gap trap. The 

observation of both green and red luminescence illustrates that, as in bulk, more than one 
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luminescence mechanism involving copper-bound holes may be active within the same ensemble 

of copper-doped semiconductor NCs. 

 

 

 
Figure 22. (A) Emission (solid) and PL excitation (dashed) spectra of copper-doped ZnS 
nanocrystals (d = 4.1 nm) at room temperature. The emission spectrum was measured with 
an excitation wavelength of 345 nm and the excitation spectrum was measured for 600-nm 
emission. (B) Temperature-dependent emission spectra (λexc = 352 nm) of heat-treated (10 
min at 450 °C in N2 atmosphere) copper-doped ZnS nanocrystals (d = 7.4 nm) measured 
from 4 to 297 K. Adapted with permission from ref. 37. Copyright 2002 Elsevier. 
 
Although difficult to characterize, the existence of various deep electron traps in copper-doped 

NCs is known from several observations. For example, using magnetic circular dichroism (MCD) 

spectroscopy, a photoinduced meta-stable state was detected in copper-doped ZnSe/CdSe 

core/shell NCs.203 Band-edge MCD intensities were observed to increase upon illumination of 
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these NCs with 405-nm light (Figure 23A). This signal decays back to its pre-illumination intensity 

when the 405-nm source is turned off (Figure 23B). The decay rate depends on the intensity of the 

probe beam at 578 nm (Figure 23C), with lower fluence resulting in slower decay. Figure 23D 

illustrates the results of an experiment in which both the probe beam and 405-nm illumination 

were blocked for 70 min after the initial illumination period, then the probe was unblocked to 

measure the MCD signal. The photoinduced MCD intensity was still greater than half its initial 

value after the sample sat in the dark for 70 min. The authors demonstrated that the external 

magnetic field was not necessary to generate the metastable state by performing the 405-nm 

illumination and then turning on the field for the MCD measurement (Figure 23E). The authors 

interpreted the increase in excitonic MCD with 405-nm excitation in terms of photo-conversion of 

non-magnetic copper dopants to long-lived paramagnetic Cu2+ ions, which can participate in sp-d 

exchange with excitons and thereby enhance the excitonic MCD signal.203 Careful measurements 

did not reveal any associated variations in the PL intensity, which was taken as evidence against 

Cu+ to Cu2+ conversion by 405-nm excitation. Regardless of interpretation, the data demonstrate 

the formation of long-lived photogenerated states in copper-doped NCs, presumably associated 

with carrier localization at deep traps.  
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Figure 23.  A) MCD spectra of copper-doped ZnSe/CdSe core/shell NCs measured at 2.7 
K and 6 T. The magnitude of the signal at 2.15 eV, which is associated with the first 
excitonic transition, increases when illuminated by additional continuous-wave 405-nm 
excitation. B) Plot of the intensity of the excitonic MCD signal versus time demonstrating 
that the MCD signal increases when illuminated with 405 nm light, and decays when the 
extra illumination is turned off. The magnitude of the photoinduced enhancement in the 
MCD signal is correlated with the intensity of the 405-nm excitation. C) The rate of decay 
of the photoinduced MCD signal depends on the intensity of the probe light that is used to 
measure MCD. A low intensity probe (black) shows a slower decay to the new equilibrium 
than a high intensity probe (blue). D) After excitation at 405 nm, the nanocrystals were 
kept in complete darkness for about 70 minutes. The magnitude of the MCD signal after 
this time was still greater than that observed before illumination with the 405-nm source. 
(E) Copper-doped ZnSe/CdSe NCs that were illuminated at 405 nm and 0 T showed 
enhanced MCD at 6 T compared with NCs that were not pre-illuminated with 405 nm at 0 
T. Adapted with permission from ref. 203. Copyright 2012 Macmillan Publishers Ltd. 
 
Signatures of metastable charge-separated states have also been observed in Cu+:CdSe NCs 

using PL spectroscopy.16 Figure 24C shows PL decay traces of Cu+:CdSe NCs measured over a 1.6 

s window at 20 and 297 K. In addition to the typical prompt PL decay on the single-microsecond 

timescale, a smaller but pronounced component of the PL decayed with an extremely large time 

constant (~3.5 ms at room temperature, ~300 ms at 20 K), extending the total PL decay well 

beyond its radiative lifetime.16 Similar delayed luminescence has also been observed in undoped 

CdSe and related nanocrystals,204-206 but the phenomenon is more pronounced in the Cu+:CdSe NCs. 
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The delayed luminescence was attributed to the formation of metastable charge-separated states 

involving a copper-bound hole and an electron localized in a surface trap.16 Slow de-trapping of 

the electron allows the luminescence to decay on a very slow timescale. This process is a 

nanoscale analog of the donor-acceptor pair afterglow observed in bulk copper-doped ZnS,12,207 

except nanocrystal surface traps play the role of the bulk lattice co-dopants. 

 

 
 

Figure 24. A) Single-nanocrystal blinking traces documenting emission from 490 - 635 nm 
(blue) and from 635 nm - 950 nm (red) for a single nanocrystal that exhibits only excitonic 
emission (Ex), and a single nanocrystal that exhibits only copper-based emission (Cu). B) 
Linear plot of "on" (dashed lines) and "off" (solid lines) complementary cumulative 
distribution functions (cCDFs) for excitonic (blue) and copper-based (red) emission. C) PL 
decay measured for an ensemble of Cu+:CdSe nanocrystals at 20 K (red) and 297 K 
(black). The inset shows the decay measured at 297 K plotted over a 30 ms time window. 
In addition to the dominant prompt decay on the single-microsecond time scale, a very 
slow component is observed that has a time constant of 3.5 ms at 297 K and 300 ms at 20 
K. The exponential fits used to extract these time constants are plotted in green. Adapted 
with permission from ref. 16. Copyright 2015 American Chemical Society. 

 
This delayed luminescence was related to the nanocrystal luminescence intermittency. Using 

complementary cumulative distribution functions (cCDFs) to compare single-particle blinking 

statistics in Cu+:CdSe and undoped CdSe NCs within the same sample, the authors concluded that 

electron (rather than hole) trapping/de-trapping was responsible for the observed blinking 

dynamics in both types of NCs.16 Figures 24A and 24B summarize the single-particle blinking data 

reported in this study. The indistinguishable "off" statistics for the doped and undoped NCs (Figure 
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24B) imply that both turn back “on” via the same carrier-de-trapping processes, but the different 

“on” statistics implicate different carrier-trapping probabilities. The longer “on” intervals observed 

in the CdSe NCs compared to the Cu+:CdSe NCs are consistent with “off” states arising from 

electron trapping, because Cu+:CdSe MLCBCT luminescence decay is intrinsically approximately 

an order of magnitude slower than CdSe excitonic luminescence decay (τCu ~ 300 ns16,64 compared 

to τExc ~10-50 ns,208-210 at room temperature). The alternative scenario of blinking dynamics 

governed by hole trapping/de-trapping would cause shorter “on” intervals in CdSe compared to 

Cu+:CdSe because hole trapping in CdSe does not have to compete with hole transfer to Cu+ and is 

therefore more probable. This interpretation is consistent with the interpretation of the delayed 

luminescence as involving reversible electron trapping at the NC surfaces. It was thus proposed 

that the same microscopic trapping/de-trapping processes are responsible for both the delayed 

luminescence and the PL blinking in these NCs.16 Delayed luminescence and PL intermittency have 

been linked in other studies of undoped NCs.204-206 

 

5. Applications 

 

Due to their tunable absorption and emission spectra, their large effective Stokes shifts, their 

generally high extinction coefficients, and their moderate to high PL QYs, copper-doped and 

copper-based semiconductor NCs can be potentially useful as optically active components in 

applications such as bio-imaging, solid-state lighting, and solar energy conversion.88,89,93 Some 

copper-containing nanocrystals, such as copper-doped ZnSe or InP, and CuInS2, have the added 

advantage of containing only nontoxic elements. One of the most promising practical applications 

for colloidal copper-based NCs such as CuInS2,211,212 CuInSe2,211,213,214 CuIn1−xGaxS2,211,215-218 and Cu2ZnSn(S1-

xSex)4
81,83,219 is their use as “inks” for the fabrication of solution-processed photovoltaic cells, which 

has been reviewed extensively elsewhere.220,221 Here, we focus on applications that rely on the PL 
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properties of colloidal copper-containing NCs, namely bio-imaging applications, solid-state 

lighting, and luminescent solar concentration. 

 

5.1. Bio-Imaging 

 

One of the most important applications for luminescent nanocrystals is in the imaging of 

biological systems,222-224 where they have been used in a variety of ways from tagging specific cells224 

to in situ nanothermometry.225 To be useful as fluorescent probes for in vitro or in vivo imaging, 

luminescent nanocrystals need to meet several requirements. Desired properties include non-

toxicity, aqueous dispersibility, photostability, large Stokes shifts, and high luminescence QYs.226 

Long luminescence lifetimes (hundreds of nanoseconds) are helpful for biolabeling applications 

because they facilitate reduction of autofluorescence background signals from the biological 

sample, which usually cause strong interference in just the first tens of nanoseconds following 

photoexcitation.128 CuInS2 and cadmium-free copper-doped semiconductor NCs fulfill all of these 

requirements, and there have been several reports of their biomedical and bioimaging 

applications.97,128,227-231  

Copper-doped zinc-based NCs have much lower cytotoxicity than cadmium-based NCs.51,230,231 

Figure 25 describes the use of copper-doped ZnSe/ZnS core/shell NCs for imaging HeLa cells.51 In 

Figure 25A, the cytotoxicity of copper-doped ZnSe/ZnS NCs is compared to that of CdTe NCs. 

Both copper-doped ZnSe/ZnS NCs and CdTe NCs were purified to exclude excess ions in solution 

before the cell viability experiments were performed using HeLa cells. The cell viability decreases 

with increasing CdTe NC concentration, whereas no obvious alteration of viability is observed for 

copper-doped ZnSe/ZnS NCs. These results suggest that the cytotoxicity of copper-doped 

ZnSe/ZnS NCs is much smaller than that of CdTe NCs. The low cytotoxicity of copper-doped 

ZnSe/ZnS NCs makes them suitable for imaging living cells, as demonstrated in Figures 25B and 
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25C. The presence of the ZnS shell greatly improves the photostability of the NCs, and no obvious 

PL decrease is observed even after heating the sample at 60 °C for 170 hours.51 Alloying copper-

doped ZnS NCs with indium provides additional PL tunability throughout the visible region, and in 

particular allows the PL of these systems to access the far-red region of the visible spectrum, 

which is more desirable for bio-imaging applications (see below).230,231 Addition of folic acid or 

antibodies to the surfaces of Cu+:Zn-In-S/ZnS alloyed NCs enabled targeted imaging of HeLa cells, 

which have large concentrations of folate receptors,230 and liver cancer cells,231 respectively.   

 
 

Figure 25. A) Plot of viability of HeLa cells versus concentration of added copper-doped 

ZnSe/ZnS NCs (black squares) and CdTe NCs (red circles). B) Image of living HeLa cells 

stained by copper-doped ZnSe/ZnS NCs in an optical microscope. C) Corresponding PL 

image with an excitation wavelength of  458 nm. Adapted with permission from ref. 51. 

Copyright 2011 IOP Publishing. 

 

CuInS2/ZnS core/shell nanoparticles are also very attractive bio-imaging agents due to their low 

toxicity and the ability to tune their luminescence throughout the biologically desirable red/near-
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infrared window of 650-900 nm.93,128 Imaging agents that emit at these wavelengths are especially 

important for in vivo imaging because absorption from water, hemoglobin, and other biological 

molecules is minimal in this spectral window.232 There are several reports of the use of CuInS2/ZnS 

NCs for both in vitro imaging of HeLa and other types of cancer cells,227,228,233 and in vivo imaging of 

model organisms such as mice128,234 and C. elegans.233 All of these studies highlight the importance of 

growing ZnS shells on the CuInS2 NCs in order to maintain a sufficiently high PL QY throughout 

the ligand exchange and bio-conjugation procedures used to impart water-solubility and cell-

binding or targeting functionality to the NCs. The presence of the ZnS shell also promotes long-

term PL stability in in vivo imaging experiments, with PL still detectable up to 96 h after 

injection.233 As with the Cu+-doped NCs, surface functionalization of CuInS2/ZnS NCs enables 

targeting of specific cells. These strategies for targeted imaging have been successfully 

demonstrated for both in vitro imaging of cancer cells227,228 and in vivo imaging of brain glioblastoma 

tumors in mice.227 Surface-bound Gd3+ molecular complexes have also been added to CuInS2/ZnS 

NCs to impart magnetic resonance imaging capabilities that complement their fluorescence 

imaging functionality.228 All reported evaluations of the toxicity of CuInS2/ZnS NCs have found 

them to be highly biocompatible. In vitro cytotoxicity studies show >90% of various cells remain 

viable after 24-72 h of exposure to CuInS2/ZnS NCs.228,233 A side-by-side comparison of the in vivo 

toxicity of CdSe1−xTex/ZnS and CuInS2/ZnS NCs, as measured by the inflammation of lymph nodes 

in mice upon NC injection, found that a dose of CuInS2/ZnS NCs ten times larger than that of 

CdSe1−xTex/ZnS NCs was required to cause the same level of lymph node inflammation.233 Overall, 

the low toxicity, large Stokes shifts, and high QYs of many copper-doped and copper-based NCs 

make them attractive for bio-imaging applications. 

 

5.2. Light-Emitting Diodes 
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The low toxicity, visible PL, and large Stokes shift of cadmium-free copper-doped ZnS, 

CuInS2, and CuInSe2 NCs also make them attractive as spectral converters for light-emitting diodes 

(LEDs).88,89,93 Copper-doped ZnS nanocrystal/polymer composites were first reported as the emissive 

layer in blue-green-emitting electroluminescent devices in the late 1990s.235,236 More recently, 

copper-doped Zn-In-S/ZnS alloyed core/shell,98 CuInSe2/ZnS,124 CuInS2/ZnS,126 and CuInS2/ZnSe/ZnS 

core/shell NCs237 have been used to make green, yellow, orange, and red LEDs. Growth of ZnS 

shells on the Zn-In-S and CuInS2 NCs can result in PL QYs up to 80%,98,238-240 and color tunability of 

the PL in both of these systems is achieved by a combination of NC size and composition tuning, 

as discussed in Section 2.1. For the Cu+:Zn-In-S system, increasing the Zn/In ratio results in 

higher-energy PL.98 Similarly, alloying with ZnS during shell growth shifts the luminescence of 

CuInS2 NCs to higher energies.126,237-241 Notably, most of the reports of LEDs based on CuInS2/ZnS 

NCs use copper-deficient CuInS2 NCs, with Cu:In ratios as small as 1:6,126,238-240 that emit at higher 

energies than stoichiometric CuInS2 NCs of comparable sizes. This copper deficiency combined 

with alloying during shell growth makes these CuInS2/ZnS core/shell NCs very similar in 

composition to copper-doped Zn-In-S/ZnS alloyed core-shell nanocrystals. 

Although LEDs of several different single colors have been made using luminescent copper-

based NCs, their broad PL bandwidths make them better suited to play the role of the green or red 

emitters used in conjunction with blue LEDs to form white LEDs.67,238-241 To achieve white light of 

high enough quality to replace conventional white light bulbs, the green and red emissions in a 

white LED must be broad and their relative intensities carefully tuned. Figure 26C shows the 

electroluminescence spectrum of a white LED containing a mixture of green- and red-emitting 

CuInS2/ZnS NCs. This device has a color rendering index (CRI) of ~95 and a luminous efficiency 

of ~69 lm/W.241 An ideal white-light source, such as the sun, has a CRI value of 100.242 The 
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CuInS2/ZnS white LED shown in Figure 26 has the highest CRI value reported for any NC-based 

white LED,241 and a luminous efficiency that is comparable to that of a commercial prototype white 

LED based on CdSe NCs.242 CuInS2/ZnS NCs have also achieved a record color conversion 

efficiency of ~75% in a white LED.238 Dual-emitting Cu+:InP/ZnS/InP/ZnS core/barrier/quantum-

well/shell NCs, in which the relative intensities of the copper-based emission of the NC core and 

the higher-energy emission of the InP quantum well can be tuned by controlling the thicknesses of 

the ZnS barrier and shell layers, were recently developed for white LED applications.67 Optimizing 

the energies of the core copper-based emission and the InP quantum well emission in these 

heterostructured NCs by controlling the core size and the thickness of the quantum well layer, 

respectively, enabled fabrication of white LEDs with a CRI of 91.67 

 
 

Figure 26. Photographs of (A) a white LED comprising a mixture of green- and red-

emitting CuInS2/ZnS NCs embedded in a silicone resin and deposited on top of an InGaN-

based blue LED, and (B) the same white LED under an applied forward bias current of 20 

mA. (C) Electroluminescence spectrum of the device shown in (A) and (B) operated at 20 

mA. The narrow peak at ~460 nm in the electroluminescence spectrum is from the blue 

InGaN LED and the two peaks at ~540 nm and ~630 nm correspond to the green- and red-

emitting CuInS2/ZnS NCs, respectively. Adapted with permission from ref. 241. Copyright 

2013 Royal Society of Chemistry. 

 

5.3. Luminescent Solar Concentrators 
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Several recent reports have recognized that the combination of large Stokes shifts and PL 

tunablity displayed by copper-based semiconductor nanocrystals makes them attractive 

luminophores for luminescent solar concentrators (LSCs).174,243-246 LSCs are devices that collect 

sunlight over a large area and concentrate its energy onto small-area PV cells. This process is 

achieved by absorption of solar photons followed by emission into a waveguide structure that 

directs photons onto the appended PVs.247-250 Figure 27D illustrates a common LSC device 

architecture comprising a planar waveguide with embedded luminophores that absorb solar 

photons and re-emit lower-energy photons. LSCs can potentially lower the cost of solar 

energy,250,251 but commercially viable LSC technologies have not yet been realized due to the 

persistence of several loss mechanisms that limit their efficiencies.248,250 Reabsorption of emitted 

photons by the luminophores is a particularly detrimental loss pathway because reabsorption 

compounds other loss mechanisms such as nonradiative decay and emission at angles that do not 

lead to total internal reflection (i.e., escape-cone losses).250-252 
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Figure 27. A) Plot of the normalized PL intensity measured at the end of a 120-cm long 
liquid waveguide versus excitation distance for solutions of Cd0.999Cu0.001Se (green 
diamonds), CuInS2/CdS (red triangles), and CdSe/CdS core/giant shell (blue squares) NCs 
with transverse optical densities of ODt = 1.0 at the band-edge. Adapted with permission 
from ref. 244. Copyright 2015 Royal Society of Chemistry. The inset shows a diagram of the 
experimental setup for the “1D LSC”. Adapted with permission from ref. 243. Copyright 
2015 American Chemical Society. B) Plot of the normalized PL intensity measured from 
one edge of a 12 cm x 12 cm x 0.3 cm LSC containing a CuInSexS2-x/ZnS 
nanocrystal/polymer composite (open circles) and calculated from a Monte Carlo ray 
tracing simulation for the same LSC assuming a quantum yield of 40% (black line with red 
shading). The inset shows photographs of the experimental setup taken with both 
conventional and infrared cameras. Adapted with permission from ref. 174. Copyright 2015 
Macmillan Publishers Ltd. C) Projected flux gains of two-dimensional square LSCs of 
various side lengths containing the same nanocrystal samples with the same ODt as shown 
in (A). Adapted with permission from ref. 244. Copyright 2015 Royal Society of Chemistry. 
D) Schematic illustrating a typical planar 2D LSC device and the mechanism of 
luminescence in embedded copper-based NC luminophores. The embedded luminophores 
(orange spheres) absorb incident photons of wavelength hν1 and re-emit them at 
wavelength hν2. The re-emitted photons can be transported via total internal reflection to a 
solar cell attached to an edge of the device, lost through an escape cone, or reabsorbed by 
the luminophore. The mechanism of luminescence in copper-based NCs produces a large 
effective Stokes shift that minimizes reabsorption. Adapted with permission from ref. 243. 
Copyright 2015 American Chemical Society. 
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Semiconductor NCs doped with luminescent transition-metal activator ions can almost 

completely eliminate reabsorption losses in LSCs.243,252 The earliest demonstration of LSCs based 

on doped nanocrystals involved Mn2+-doped ZnSe/ZnS core/shell NCs as the phosphor.252 The 

Mn2+-doped ZnSe/ZnS NCs used in this study have a fixed luminescence energy of ~2.1 eV, which 

is the energy of the Mn2+ 4T2 à 6A1 ligand-field transition. This fixed PL energy restricts the 

bandgap of zero-reabsorption Mn2+-doped NC luminophores to ~480 nm, thereby defining the 

fraction of the solar spectrum such luminophores can absorb.243 LSCs that almost exclusively 

absorb UV light are attractive as transparent window layers, for example. For broader spectral 

coverage, copper-doped and copper-based NCs are attractive because of their tunable electronic 

spectra that enable them to absorb a significantly greater fraction of the solar spectrum than Mn2+-

doped NC phosphors, but with smaller reabsorption losses than undoped NC luminophores.243,244 

Critical for the proposed LSC applications is a quantitative description of the absorption, 

luminescence, reabsorption, and intrinsic losses from such nanocrystals, which can be achieved by 

spectroscopic analysis and modeling. An important aspect of such analyses is consideration of the 

relevant length scales: in contrast with PVs, in which the relevant electron-transport dimension is 

the short axis of the device, LSCs have as their relevant photon-transport dimension the long axes 

of the device. When photons are required to traverse the length of a standard multi-pane window, 

for example, the relevant transport distances are much larger than typically explored in the 

laboratory. For this reason, experimental examination of reabsorption and scattering losses over 

very long optical path lengths is valuable. 

Figure 27A plots the normalized PL intensity collected from one end of a 120-cm long one-

dimensional liquid waveguide with a 0.1 cm x 0.1 cm internal cross-section versus the distance 

between a translatable excitation source and the collection end of the waveguide.243,244 The inset 
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contains a diagram of the experimental setup. The data summarize results for solutions of 

Cd0.999Cu0.001Se, CuInS2/CdS, and CdSe/CdS core/giant-shell NCs, each with a transverse optical 

density of ODt = 1.0 at the semiconductor band-edge. These “1D-LSC” measurements provide a 

means of directly comparing the reabsorption losses of various luminophores over length scales 

relevant to many proposed 2D-LSC applications.243 The data in Figure 27A show that, of these 

three materials, Cd0.999Cu0.001Se NCs have the smallest reabsorption losses at all length scales, and 

the CuInS2/CdS NCs have smaller reabsorption losses than CdSe/CdS NCs at photon transport 

distances greater than 20 cm. Recent characterization of reabsorption losses in a 12 cm x 12 cm x 

0.3 cm 2D-LSC device comprising a CuInSexS2-x/ZnS nanocrystal/polymer composite with ODt ~ 

0.2 exhibited similar curvature (Figure 27B).174 Despite the very large Stokes shifts of these 

materials, these curvatures are dominated by the existence of residual absorption-PL overlap.243,244 

Even small overlap leads to a high probability of reabsorption over such large photon-transport 

distances. 

The overall performance of an LSC luminophore depends not only on reabsorption probability, 

but also on its PL QY and the fraction of the incident solar radiation it absorbs. Figure 27C plots 

projected flux gains for 2D LSCs containing the same NC samples characterized in Figure 

27A.243,244 The flux gain describes the factor by which an LSC increases the photon flux incident 

on an attached PV cell relative to the same PV cell under solar radiation.243,244,251,252 The curves in 

Figure 27C show projected flux gains for square LSC devices of various side lengths. Although the 

Cd0.999Cu0.001Se NCs display smaller reabsorption losses than the CuInS2/CdS NCs, the 

CuInS2/CdS NCs have a much larger projected flux gain for all device dimensions due primarily to 

their much larger PL QY (86% for the CuInS2/CdS NCs,244 27% for the Cd0.999Cu0.001Se NCs243). 

Both copper-containing NCs have larger predicted flux gains than the CdSe/CdS core/giant-shell 



 

 72 

NCs because of the combination of smaller reabsorption losses and larger absorption overlap with 

the solar spectrum. The data shown in Figure 27 thus indicate that CuInS2-based NCs are the best-

performing nanocrystal LSC luminophores synthesized to date, but with improved PL QYs, 

copper-doped semiconductor NCs with small bandgaps, such as Cu+:CdSe or Cu+:InP, will likely 

outperform CuInS2 and related copper-based NCs. 

 

6. Outlook 

 

Advances in the synthesis of colloidal nanocrystals over the last 20 years have enabled the 

doping of copper ions into host nanocrystals of a wide variety of shapes and compositions, and 

provided access to various ternary and quaternary semiconductor nanocrystals containing copper. 

These synthetic achievements led to the observation of the broad, red-shifted PL associated with 

the copper ions. Spectroscopic and computational studies have identified the MLCBCT nature of 

this PL. Further synthetic developments are needed to improve the PL quantum yields of copper-

doped semiconductor nanocrystals while maintaining high concentrations of copper ions. Such 

improvements in PL QY would not only improve the performance of luminescent copper-doped 

semiconductor NCs in various applications ranging from bio-imaging to solar concentration, but 

would also enable further fundamental investigations into the physical and photophysical 

properties of this important class of luminescent nanomaterials. Likewise, additional spectroscopic 

and physical characterization of copper-containing semiconductor nanocrystals will yield new 

fundamental insights into their luminescence mechanisms and redox or photo-redox properties, 

and ultimately their applicability in future advanced technologies. 
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Abbreviations 

 

CB  conduction band 

CBM  conduction-band minimum 

cCDF  complementary cumulative distribution function 

CIS  CuInS2 

CISe  CuInSe2 

CRI  color rendering index 

CZTS  Cu2ZnSnS4 

CZTSSe Cu2ZnSn(S1−xSex)4 

DAP  donor-acceptor pair 

DFT  density functional theory 

EDS  energy-dispersive spectroscopy   

EPR  electron paramagnetic resonance 

EXAFS extended X-ray absorption fine structure 

fwhm  full-width at half-maximum  

HOMO highest occupied molecular orbital 

ICP-AES inductively coupled plasma atomic emission spectroscopy 
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KPS  potassium peroxodisulfate (K2S2O8) 

LED  light-emitting diode 

LVBMCT ligand (valence band)-to-metal charge transfer 

LSC  luminescent solar concentrator 

LSPR  localized surface plasmon resonance 

LUMO  lowest unoccupied molecular orbital 

MCD  magnetic circular dichroism 

MCPL  magnetic circularly polarized luminescence 

MLCBCT metal-to-ligand (conduction band) charge transfer 

NC  nanocrystal 

NIR  near-infrared 

NTO  natural transition orbital 

PL  photoluminescence 

PLE  photoluminescence excitation 

PV  photovoltaic 

QY  quantum yield 

TEM  transmission electron microscopy 

TOP  trioctylphosphine 

VB  valence band 

VBM  valence-band maximum 

XANES X-ray absorption near-edge structure 

XAS  X-ray absorption spectroscopy 

XPS  X-ray photoelectron spectroscopy 
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XRD  X-ray diffraction 
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