
Unusual Spectral Diffusion of Single CuInS2 Quantum Dots Sheds
Light on the Mechanism of Radiative Decay
Stijn O. M. Hinterding, Mark J. J. Mangnus, P. Tim Prins, Huygen J. Jöbsis, Serena Busatto,
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ABSTRACT: The luminescence of CuInS2 quantum dots (QDs) is
slower and spectrally broader than that of many other types of QDs.
The origin of this anomalous behavior is still under debate. Single-
QD experiments could help settle this debate, but studies by
different groups have yielded conflicting results. Here, we study the
photophysics of single core-only CuInS2 and core/shell CuInS2/CdS
QDs. Both types of single QDs exhibit broad PL spectra with
fluctuating peak position and single-exponential photoluminescence
decay with a slow but fluctuating lifetime. Spectral diffusion of
CuInS2-based QDs is qualitatively and quantitatively different from
CdSe-based QDs. The differences reflect the dipole moment of the
CuInS2 excited state and hole localization on a preferred site in the
QD. Our results unravel the highly dynamic photophysics of CuInS2
QDs and highlight the power of the analysis of single-QD property fluctuations.
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Semiconductor nanocrystals (quantum dots, QDs) are
promising luminophores for use in numerous applications,

such as displays and bioimaging.1 While CdSe- and perovskite-
based QDs are most studied, Cd- and Pb-free alternatives have
also seen rapid development in recent years. QDs based on
CuInS2 (CIS) are one of these alternatives.2,3 They are
particularly interesting for use in luminescent solar concen-
trators4−10 as they exhibit large global Stokes shifts, minimizing
reabsorption losses. This peculiar property, along with broad
photoluminescence (PL) line widths (ensemble full-width at
half-maximum, fwhm ∼400 meV)11 and slow multiexponential
PL decay (PL lifetime ∼200−400 ns),11 shows that the
photophysics of CIS QDs differs qualitatively from those of
other types of QDs. In most other types of QDs (e.g., those
based on CdSe, lead chalcogenide, or perovskite), lumines-
cence occurs through recombination of delocalized quantum-
confined electrons and holes.12 In contrast, no consensus has
yet been reached on the luminescence mechanism of CIS QDs
and a number of different mechanisms have been
proposed.13−26, Recent optical transient absorption,17,19,20,22,27

X-ray transient absorption,28 and electrochemical29−31 studies
strongly support a mechanism in which a delocalized electron
recombines with a localized hole although other mechanisms
are still claimed.32,33 Striking similarities between the PL
properties of CIS, Cu+:CdSe, and Cu+:InP suggest that the
hole localizes on a Cu atom.34

Single-particle spectroscopy has been proven essential to
understand various aspects of the photophysics of QDs, as it
yields data that are not obscured by ensemble-averaging.35−38

Unfortunately, CIS QDs are notoriously unstable under the
harsh excitation conditions used in single-QD experiments.23,26

Consequently, single-particle studies on CIS-based QDs are
scarce23,26,39,40 and achieve limited data quality compared to
studies on other types of QDs. Most strikingly, Whitham et al.
reported broad single-QD PL line widths (minimum fwhm,
190 meV) from individual core/shell CIS/CdS QDs,23

whereas Zang et al. found narrow PL line widths (minimum
fwhm, 60 meV) from individual core/shell CIS/ZnS QDs.26 A
possible origin for these contrasting results is interdiffusion of
Cu+ and Zn2+ during overgrowth of a ZnS shell on CIS QDs,41

as these two elements (in contrast to Cd2+) have similar ionic
radii.42 The limited and conflicting data make it difficult to
draw definite conclusions on the intrinsic photophysics of CIS
nanomaterials.
Here, we study the PL properties of individual core-only CIS

and core/shell CIS/CdS QDs. Careful sample optimization
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allows us to measure single-QD PL of both core-only CIS and
core/shell CIS/CdS QDs for several minutes before
irreversible photobleaching. We establish that the intrinsic
PL properties of core-only CIS QDs are retained in core/shell
CIS/CdS QDs. Variations between individual core/shell CIS/
CdS QDs show the effect of inhomogeneous broadening on PL
ensemble spectra and decay dynamics. Fluctuations in single-
QD PL properties over time scales of seconds to minutes
provide insight into the emission mechanism. Spectral
diffusion in CIS QDs is quantitatively and qualitatively
different from that reported for CdSe QDs, consistent with
radiative recombination of a delocalized electron with a Cu-

localized hole. The correlations between the fluctuating PL
peak position and PL lifetime provide evidence that the hole
always localizes on a preferential Cu site in the QD. For a few
QDs, we observe that the preferential Cu site changes.
Quantum-mechanical calculations show that the dipolar
character of the excited state underlies the strong fluctuations
in PL energy and lifetime. These new insights into the
emission mechanism of CIS-based QDs will be useful for the
optimization of the optoelectronic properties of this class of
materials.
We study core-only chalcopyrite CIS QDs of ∼2.4 nm.

These QDs are Cu-rich (atomic ratio Cu/In = 1.0:0.78). The

Figure 1. Top row, results from single-QD measurements on two different core-only CIS QDs; bottom row, results from similar experiments on
one CIS/CdS core/shell QD. (a,b) PL intensity IPL as a function of time. (c,d) Second-order correlation function g(2)(τ). (e,f) PL decay curve,
constructed from time periods in which the QD was ON [(e) IPL ≥ 200 cts/100 ms, (f) IPL ≥ 65 cts/100 ms]. Lines are fits to single-exponential
decay with a constant background. (g,h) ON-state PL spectrum, integrated over (g) 6.5 s and (h) 91.3 s. Lines are Gaussian fits. As indicated by the
color, data in panel g were measured on a different core-only CIS QD than the data depicted in panels a, c, and e.

Figure 2. (a) Excitation spectra of an ensemble of CIS/CdS QDs dispersed in toluene. Each excitation spectrum was recorded for a different
detection energy, as indicated by the arrows: (bottom, cyan) 2.226 eV, (green) 2.066 eV, (yellow) 1.907 eV, (orange) 1.771 eV, (top, red) 1.698
eV. (b) PL spectra of (black) an ensemble of CIS/CdS QDs dispersed in toluene, and (red, yellow, blue) single CIS/CdS QDs immobilized on a
glass coverslip. Lines are fits to Gaussian peaks. (c) Fitted PL peak positions of all 32 core/shell CIS/CdS QDs that were studied. The dotted line
indicates the fitted ensemble PL peak position. (d) PL decay curve of (top, black) an ensemble of CIS/CdS QDs dispersed in toluene and (red,
yellow, blue) single CIS/CdS QDs. Red, yellow, and blue lines are single-exponential fits, whereas the black line is a fit to the model incorporating
variations in the hole localization site (see SI, Section S2). (e) Schematic depiction of hole localization at a random Cu site (which, potentially, may
be any Cu+ ion present in the nanocrystal) after each excitation. The radiative decay rate of the excited state is determined by the electron−hole
wave function overlap and thus by the location of the hole. (f) Distribution of PL lifetimes, obtained by (black) fitting the PL decay curve of an
ensemble of CIS/CdS QDs [black curve in panel d] with a model incorporating an ensemble-wide distribution of hole localization sites, leading to
a distribution of radiative decay rates (see SI, Section S2 for details) and (red) histogramming the ON-state average lifetimes of the 32 single QDs
studied.
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core/shell CIS/CdS QDs exhibit the same crystal structure
with an estimated particle size of 3.0 nm. Both samples are
polydisperse (see Supporting Information (SI), Section S2 for
details). An earlier study found that these QDs exhibit a
tetrahedral shape.22 Our sample preparation procedure (SI,
Section S1) allowed for single-QD measurements for several
minutes before photobleaching.
Figure 1 compares the single-QD PL properties of core-only

CIS and core/shell CIS/CdS QDs. Both core-only CIS and
core/shell CIS/CdS QDs exhibit PL blinking, characterized by
fluctuations between periods of high intensity and periods of
lower intensity (Figure 1a,b). Many QDs exhibit PL blinking
with intermediate intensities that are difficult to categorize
(e.g., SI, Extended Data Figures E10 and E22). In some QDs,
the lower-intensity periods are due to quenching by trapping of
charge carriers from the band edge (e.g., SI, Extended Data
Figures E7 and E43).43 These charge carriers are likely
electrons, as the hole localizes on subpicosecond time scales.22

In other QDs, quenching occurs through trapping of hot
charge carriers (“B-type blinking”; for example, SI, Extended
Data Figures E16 and E27).36 Both core-only CIS and core/
shell CIS/CdS QDs are single-photon emitters, as evidenced
by antibunching in the second-order correlation function
g(2)(τ) (Figure 1c,d). In the absence of spectral diffusion, the
PL decay of the ON-state of these QDs is single-exponential
(Figure 1e,f). We observe broad PL line widths for both the
core-only CIS and core/shell CIS/CdS QDs (Figure 1g,h;
lowest fwhm of all studied QDs: 179 and 157 meV,
respectively; see Tables S1 and S2). From the similarity
between the optical properties of these two types of QDs, we
conclude that the intrinsic PL properties of core-only CIS are
retained in core/shell CIS/CdS QDs. This is expected because
the CIS core material should be unaffected by CdS shelling, as

a large mismatch in ionic radii prevents Cu+ and Cd2+

interdiffusion.42

Ensemble-scale measurements on CIS and CIS/CdS QDs
are strongly influenced by sample inhomogeneity. For example,
absorption and excitation spectra of CIS and CIS/CdS QD
d i s p e r s i on s a r e g ene r a l l y f e a t u r e l e s s (F i gu r e
S2).6,8,21−24,26,29,31,32,41,44,9,45,46,10,14,16−20 However, excitation
spectra of CIS/CdS QD subensembles, resolved by detecting
PL at distinct, narrow energy ranges, exhibit clear band-edge
transition features (Figure 2a). Sample inhomogeneities
become even more apparent when comparing single-QD
properties to those of the ensemble. The single-QD PL line
widths of core-only CIS (Table S1; SI, Extended Data Figures
E1−E6) and core/shell CIS/CdS QDs (Figure 2b; Table S2;
SI, Extended Data Figures E17−E48) are approximately two
times narrower than the ensemble line width. Indeed, the PL
peak positions of the individual QDs studied are widely
distributed (Figure 2c). The origin of sample inhomogeneity
may be manifold, including polydispersity in size, shape, and
composition.14,24,27,47 In addition, as we will show and discuss
in more detail below, inhomogeneous broadening is enhanced
as a result of the peculiar emission mechanism of CIS QDs
involving a Cu-localized hole and a dipolar excited state.
Variations in the PL lifetime between single QDs (Figure

2d) provide insight into the emission mechanism. Transient
absorption17,19,20,22,27 and spectroelectrochemical29−31 studies
have established that luminescence in CIS-based nanomaterials
involves the radiative recombination of a delocalized electron
with a localized hole. One can envision two different
mechanisms of PL decay via Cu centers, which would be
indistinguishable in ensemble-scale measurements but yield
different results at the single-QD level. In the first mechanism,
after each excitation the hole may localize at any of the Cu+

ions present in the QD (Figure 2e).48 Such behavior would

Figure 3. Single-QD (a) PL spectra and (b) average photon delay time ⟨τ⟩, as a function of time. (c) Correlation of average photon delay time ⟨τ⟩
and fitted peak position μ. The color scale in panel a (black to purple to yellow) indicates PL intensity. (d−f) The same as in panels a−c but for a
different QD. (g−i) Schematic depiction of spectral diffusion induced by the quantum-confined Stark effect. Mobile surface atoms or ligands create
a fluctuating electric field F. We depict three possible orientations with respect to the excited-state dipole p: (g) antiparallel, (h) orthogonal, and (i)
parallel. (j−l) Schematic depiction of spectral diffusion due to changes in the hole localization site rloc. Effects on the exciton energy E and lifetime τ
are indicated in the cartoons.
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lead to multiexponential decay dynamics on the single-QD
scale, as the localization site of the hole affects the electron−
hole wave function overlap and thus the radiative lifetime.11,12

Alternatively, the hole may always localize at one specific Cu
site in the QD, perhaps because of the presence of a nearby
defect26 or electrostatic interactions with the QD surface.25

This scenario would lead to single-exponential decay of single-
QD PL, as the electron−hole overlap and thereby radiative
decay rate is the same after each excitation. The near-single-
exponential character of single-QD PL decay curves indicates
that one specific Cu site (or at most a few) is active in a QD at
any given time, and that the hole does not move between Cu
sites on the time scale of emission. The distribution of single-
QD lifetimes is consistent with a distribution of the localization
site over the QD ensemble, resulting in an ensemble-wide
distribution of radiative lifetimes (Figure 2f; SI, Section S2).26

However, it is important to realize that the single-QD PL decay
curve would be virtually indistinguishable from single-
exponential decay, especially in the case of noisy data, if a
few hole localization sites were active with not so dissimilar
lifetimes. Although our data does not allow us to conclude
what distinguishes a “favorite” localization site from any other
Cu site, we speculate that a nearby defect or surface charge
could provide some charge stabilization, thereby attracting the
hole. Indeed, DFT calculations have shown that the presence
of surface charges can determine where the hole localizes.25 A
preferential site could also be distinguished by a slight change
in the local atomic arrangement: if the local structure is
distorted in such a way that it more closely resembles the
arrangement after hole localization, this could decrease a
possible activation barrier involved in hole localization, thereby
favoring localization at this specific site.
Fluctuations of the PL spectrum and lifetime of single QDs,

and correlations therein, reveal surprising dynamics of hole
localization and their significant effect on the broadening of the
ensemble properties. Our single core/shell CIS/CdS QDs are
sufficiently photostable to allow for the simultaneous measure-
ment of their PL decay curve and PL spectrum at a 100 ms
temporal resolution. SI Extended Data Figures E17−E48
provide a complete overview of the measurements on 32 core/
shell CIS/CdS QDs.
First, some QDs show no spectral diffusion at all (e.g.,

Extended Data, Figures E21 and E44). Still, such QDs exhibit
broad PL spectra with fwhm on the order of 160−170 meV
(Table S2). In comparison, single CdSe-based QDs generally
exhibit fwhm of 50−60 meV.49,50 Clearly, broad PL line widths
in CIS-based QDs are not due to time averaging and spectral
diffusion. Instead, they are intrinsic to these nanomaterials and
likely due to strong electron−phonon coupling.51 Such broad
single-particle PL spectra cannot be explained by a mechanism
involving the recombination of a delocalized exciton.15,33

Figure 3 summarizes two different types of fluctuations that
we observed in other QDs: (i) spectral diffusion wherein
higher PL peak energies are correlated with shorter PL
lifetimes (Figure 3a−c), and (ii) spectral diffusion wherein
higher PL peak energies are correlated with longer PL lifetimes
(Figure 3d−f). Additionally, some QDs exhibit spectral
diffusion without a clear correlation between PL lifetime and
PL peak energy (see, e.g., Extended Data, Figures E33, E40,
and E48), possibly because both types of fluctuations occur
simultaneously.
Type-1 spectral diffusion with a “negative” correlation

between peak energy and PL lifetime (Figure 3a−c; higher

energies correlate with shorter lifetimes) is known from
experiments on CdSe-based nanocrystals. However, the
fluctuations in our CIS/CdS QDs are significantly stronger.
The PL peak positions of our CIS/CdS QDs fluctuate on
average over a range of 110 meV with some QDs exhibiting
fluctuations in excess of 200 meV (see Table S2), whereas
CdSe-based nanocrystals show spectral diffusion over at most a
few tens of millielectronvolts.49,50,52 Even more striking, type-2
spectral diffusion with a “positive” correlation between peak
energy and PL lifetime (Figure 3d−f; higher energies correlate
with longer lifetimes) is never observed for CdSe-based
nanocrystals.49,50

We will show below that both anomalies of the spectral
diffusion of CIS/CdS QDs are a direct signature of the peculiar
emission mechanism. The excited-state energy of a QD can be
written as

E E V Fp F
1
2g C

2α= + + · −
(1)

where Eg is the single-particle gap (i.e., sum of electron and
hole energies), VC is the Coulomb interaction between charge
carriers including dielectric effects, p is the static dipole
moment of the excited state, and α is the exciton polarizability
(see SI, Section S3 for a derivation). F is the electric field that
the excited state experiences due to charges at the surface of
the QD, which can be due to missing ligands or dangling
bonds. “Conventional” spectral diffusion of CdSe-based
nanocrystals is explained in terms of the quantum-confined
Stark effect (QCSE),49,50,52,53 induced by spontaneous
fluctuations in F due to the mobility of the surface charges.
Experiments with applied external fields on type-I CdSe-based
nanocrystals have revealed a dominant contribution of the
quadratic term in the resulting change of the exciton energy E:
Stark shifts due to the exciton polarizability α.53,54 This effect
induces a negative correlation between PL peak energy and PL
lifetime, as polarization of the exciton increases the radiative
lifetime.49,50 CIS-based QDs are different from CdSe in three
ways because of hole localization: (1) VC depends strongly on
the location rloc of the hole, (2) p can be large if the hole
localizes off-center, (3) α is significantly smaller as the
localized hole is not polarizable (SI, Section S3). Some QDs
exhibit a (slight) anticorrelation between fitted fwhm and peak
position (e.g., Extended Data, Figure E49a,p,w). This indicates
that external fields may also influence electron−phonon
coupling and thereby the Stokes shift. However, as this effect
appears to be minimal, we ignore its contribution to
fluctuations in the emission energy in our further discussion.
We developed a simple effective-mass model, where we

approximate the CIS QD as a spherical infinite potential well
with radius a. In our model, the hole resides on specific
localization sites, while the electron is delocalized over the
entire particle. We consider the possibility of spectral diffusion
due to a fluctuating external electric field F that interacts with
the exciton wave function (i.e., the QCSE), as well as a
changing hole localization site.
On the basis of our calculations, we can understand how the

qualitatively and quantitatively different spectral diffusion
behavior of CIS-based QDs is a consequence of hole
localization. We can attribute type-1 spectral diffusion, that
is, a negative correlation between peak energy and PL lifetime,
to the QCSE due to fluctuating F (see schematic depiction in
Figure 3g−i). The response of the peak energy to F can be
much stronger than in CdSe-based QDs, because the CIS
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exciton can have a large dipole moment p = e·rloc (where e is
the elementary charge). Indeed, our effective-mass model
confirms that the dependence of E on F depends strongly on
rloc (Figure 4a). The same holds for the radiative decay rate
(see Figure 4b). The dipolar nature of the excited state, arising
from the hole localizing at a preferential Cu+ ion inside the
QD, is thus responsible for the strong spectral diffusion in
CIS/CdS QDs. The observation of type-1 spectral diffusion on
time scales of seconds implies that F fluctuates on these time
scales (as is common in CdSe-based QDs) while rloc is fixed.
That means, the hole must localize on the same Cu site over
millions of consecutive photocycles. If it did not, the linear
term in eq 1 would average out to ⟨p·F⟩ = 0 independent of F.
This agrees well with the single-exponential PL decay in
absence of spectral diffusion (see Figure 2 and corresponding
discussion).
While fluctuations in F explain type-1 spectral diffusion (see

Figure 3g−i), they cannot explain type-2 spectral diffusion (i.e.,
with positive correlations between energy and lifetime).
Instead, type-2 spectral diffusion requires fluctuations in rloc
on the time scale of seconds (depicted schematically in Figure
3j−l). The dominant contribution to the energy change comes
from VC. As the hole localization site moves toward the edge of
the QD, VC becomes less negative, increasing the excited-state
energy (Figure 4c; Supporting Information, Section S3).
Likewise, the electron−hole wave function overlap is
decreased, increasing the radiative lifetime (Figure 4d). The
situation is somewhat more complex if rloc changes in the
presence of an external field (Figure 4e,f). In most cases, this
produces a positive correlation of changes in energy and
lifetime (Figure 4g) but for some scenarios a negative
correlation can occur (Figure S5). However, clearly, the
alternative model of a QCSE due to fluctuating F (pink-green
curve in Figure 4g) cannot produce positive correlations. We
thus attribute type-2 spectral diffusion events with a positive
correlation between emission energy and PL lifetime to a
spontaneous change in rloc, that is, the Cu site at which the
hole preferentially localizes.

A change in rloc need not involve a change in the inorganic
crystalline part of the QD; DFT calculations have shown that
the position at which the hole localizes can be strongly
influenced by the presence of charges on the QD surface.25

This may explain why some QDs exhibit spectral diffusion
without a correlation between PL lifetime and PL peak
position: (movement of) surface charges may induce both the
QCSE and simultaneously a change in the hole localization
site, resulting in an unclear net correlation. We observe clear
type-2 spectral diffusion in only 3 of the 32 CIS/CdS QDs
studied. Together, fluctuations of F and rloc, possibly
correlated, can produce complex and strong fluctuations of
exciton energy and PL lifetime, as we observe experimentally.
In summary, our single-QD experiments have shown how

sample inhomogeneities determine the broad PL line widths
and multiexponential PL decay of CIS nanomaterials. Even in
the absence of spectral diffusion, the PL line width of CIS/CdS
QDs is broad (minimum fwhm >0.16 eV). This points to
electron−phonon coupling, which is, along with the long PL
lifetimes, consistent with hole localization prior to radiative
recombination. Additionally, the PL decay is single-exponential
in the absence of spectral diffusion, suggesting that the hole
localizes at the same Cu site after each excitation. Most QDs
exhibit spectral diffusion to a much stronger extent (with shifts
in excess of 200 meV) than previously observed in CdSe-based
nanomaterials. We observe two types of spectral diffusion.
First, spectral diffusion due to the QCSE is much stronger than
in CdSe because the CIS electron−hole pair has a dipole
moment. Second, changes in the hole localization site account
for a spectral diffusion mechanism unique to CIS. A
combination of factors, involving QD size, shape, composition,
and surface-ligand coverage likely determines at which Cu site
the hole preferentially localizes. In all, our results highlight how
emission fluctuations provide valuable information on the
photophysics of QDs. Similar experiments on InP QDs may
shed light on the recent claim that trapped charge carriers are
involved in the fluorescence mechanism.55

Figure 4. Results from quantum-mechanical calculations showing (a) the change in exciton energy E−E0 and (b) normalized radiative lifetime τrad/
τrad

0, as a function of external electric field. Here, E0 and τrad
0 are the excited-state energy and radiative lifetime for rloc = 0 and F = 0. Lines

correspond to hole localization (blue) at the center of the QD and (green) at rloc = 0.5a, where a is the QD radius. We consider fields F oriented
along rloc. (c−f) Results from the same model, depicting in color scale how the location of hole localization affects (c,e) the exciton energy and (d,f)
the radiative lifetime with (c,d) no external field and (e,f) an external field of +130 MV/m in the horizontal direction. (g) The same results as in
panels (a−d) but now showing correlations between lifetime and energy. The solid pink−green line shows the relation between τrad/τrad

0 and E−E0
for hole localization at 0.5a with a varying external field from (pink) +130 MV/m to (green) −130 MV/m. The dashed line considers hole
localization at increasing rloc, indicated by the colored circles, without external field. The more complex relationship of τrad/τrad

0 and E−E0 for
varying rloc with an external field of 130 MV/m is depicted in Figure S5. Spectral diffusion in excess of 200 meV, observed in some QDs, is likely
due to fluctuating electric fields stronger than 130 MV/m, which may occur occasionally in smaller particles.
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