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Section S1: Experimental

Chemicals

Indium(IIl) acetate [In(Ac)s, 99.99%], Copper(l) iodide (Cul, 98%), 1-dodecanethiol (DDT, >98%), Cad-
mium(I) oxide (99.5%), Oleic Acid (OA, 90%), 1-octadecene (ODE, tech. 90%), Sulphur (99.98%), Tri-
octylphosphine (TOP, Fischer Scientific), Acetone (VWR International BV, dried, max. 0.0075% HsO), and
Toluene (99.8%) were purchased from Sigma-Aldrich and used as received, unless specified otherwise. ODE
was degassed for 2 h at 110 °C prior to use.

Synthesis of CulnS, quantum dots

CulnS; (CIS) quantum dots (QDs) were synthesized by adapting the method described by Zhong et al. ! Briefly,
In(Ac)s (3 mmol), Cul (3 mmol) and DDT (5 mL) were combined in a roundbottom flask, degassed for 10 min
and brought under Ny atmosphere. The mixture was stirred and heated to 100 °C for 30 min, until the mixture
became transparent. Next, the mixture was degassed at 60-70 °C to remove any volatile species. These heating
and degassing steps were repeated until no more bubbles were observed when the mixture was brought under
vacuum. Under Ny atmosphere, the mixture was rapidly heated to 230 °C. This temperature was maintained
for 5 min, after which the reaction was quenched by removal of the heat source and active cooling of the flask
with compressed air. The core-only CIS QDs were isolated by addition of a non-solvent (acetone), followed by
centrifugation at 2800 revolutions per minute for 15 min and re-dispersion of the precipitate in toluene. These
washing steps were repeated three times. The batch of core-only CIS QDs used as seeds for the core/shell
CIS/CdS QDs were not washed.

Preparation of Cd-oleate solution

CdO (9 mmol), OA (36.8 mmol), and ODE (12.2 mmol) were combined and degassed for 1 h at 80 °C. The
mixture was then brought under Ny atmosphere and heated at 280 °C for 1 h, to form a clear solution. The
solution was further degassed for 12 h at 110 °C and finally kept under N» atmosphere.

Preparation of TOP-S
A 2 M solution of sulphur in TOP was prepared by addition of sulphur (20 mmol) to TOP (10 mL), inside a
N,-filled glovebox.

Growth of CdS shell

Growth of a CdS shell on the core CIS QDs was done by adapting the method described by Li et al.? Briefly,
the crude QD reaction mixture (3 mL) and ODE (36 mL) were combined in a roundbottom flask and degassed
for 10 min. Under N9 atmosphere, the flask was heated to 210 °C, at which point a mixture of TOP-S (3.6
mmol), Cd-oleate (3.6 mmol), and ODE (12 mL) was added dropwisely over the course of 20 min using a
syringe pump. The sample was further annealed for 20 min after which the reaction was quenched by removal
of the heat source and cooling with compressed air. The core/shell CIS/CdS QDs were washed in the same way
as the core-only QDs.

Ensemble absorption, photoluminescence, and excitation spectroscopy

The core and core/shell samples were diluted in anhydrous toluene and transferred to 10 mm x 10 mm quartz
cuvettes. The absorption spectra were recorded using a double-beam Perkin-Elmer Lambda 950 UV/vis/NIR
spectrometer. The photoluminescence (PL) spectra were recorded on a fiber-coupled spectrometer (Ocean Op-
tics, USB4000) using a 395-nm LED as excitation source. The wavelength-dependent detection efficiency of
this spectrometer was corrected for using a calibrated light source (Avantes AvalLight-DH-CAL). Photolumi-
nescence excitation spectra were obtained on an Edinburgh FL.S920 fluorescence spectrometer with a double
monochromator in the excitation path and equipped with a 450 W lamp (Edinburgh Xe2 XenonArc) as exci-
tation source. The spectrometer internally corrects for the shape of the lamp spectrum. To avoid second-order
excitation a 400-nm long-pass filter was placed in the excitation path. Emission was detected by a Hamamatsu
R928 photomultiplier tube equipped with a water-cooled refrigerated chamber (Photocool TE177RF).



Ensemble time-resolved photoluminescence spectroscopy

The core and core/shell samples were diluted in anhydrous toluene and transferred to 10 mm x 10 mm quartz
cuvettes. Ensemble-scale PL decay measurements were performed using either a 405-nm or 510-nm pulsed
diode laser (Edinburgh Instruments, EPL-405 or EPL-510, 100 kHz repetition rate) as excitation source, with
detection by a photomultiplier tube (Hamamatsu H7422).

Electron microscopy, electron diffraction and energy-dispersive X-ray spectroscopy

Electron micrographs, electron diffraction (ED) patterns, and energy-dispersive X-ray spectra (EDS) were
recorded on a Thermo Fisher Scientific Talos F200X operating at 200 kV. Samples were prepared by drop-
casting a QD dispersion onto a carbon-coated gold TEM-grid. The ED patterns were calibrated using a AuPd
reference sample.

Small and wide-angle X-ray scattering

Small- and wide-angle X-ray scattering measurements (SAXS, WAXS) were performed at the SWING beam-
line, part of the SOLEIL synchrotron in Saint-Aubin, France.? The energy of the X-rays used was 16 keV. For
SAXS a EigerX4M detector in a vacuum tube was used at a distance of 1.83 m from the sample. For WAXS
a Merlin detector was used. For both SAXS and WAXS the g-range was calibrated using a silver behenate
reference.* The CIS core-only QDs were placed inside a quartz capillary with a diameter of 1 mm. A home-
built capillary holder was used to place the sample inside the beam. The collected 2D scattering patterns were
processed to 1D scattering patterns via beamline specific software (Foxtrot). The scattering pattern from the
solvent and capillary were subtracted from the QD scattering pattern as discussed in Ref. 5.

Sample preparation for single-quantum-dot measurements

Our sample preparation procedure was aimed at maximizing the QD stability under prolonged illumination
while minimizing background luminescence. Glass #1.5 coverslips and glass microscopy slides were cleaned
using a low-pressure plasma cleaner (Diener Zepto), operated at 0.2—0.4 mbar, at the maximum power setting.
Inside a N,-filled glovebox, the QD dispersion was diluted 10°—10% x with a 1-vol% solution of ethyl mercap-
toacetate in distilled toluene. 30 pL of the diluted QD dispersion was placed on a plasma-cleaned coverslip,
smeared out using a second coverslip, and the solvent was allowed to evaporate. Next, the coverslip was placed
sample-side down onto a plasma-cleaned microscopy slide. The edges of the assembly were sealed with Nor-
land #68 UV-curable glue, which contains a volatile thiol component.® The glue was not cured.

Core-only CulnS; and core/shell CulnS,/CdS samples used in experiments

The synthesis of the CIS/CdS core/shell QDs consumed nearly an entire batch of non-washed core-only CIS
QDs. As a result, there was too little material left over of this batch (denoted here as “CIS-A”) to allow for
the proper washing procedures required for single-particle measurements. Therefore, a different batch of core-
only CIS QDs (denoted here as “CIS-B”) was used in the single-particle measurements. The CIS-A and CIS-B
batches are spectroscopically virtually identical (see Section S2).

Fluorescence microscopy experiments

Single-QD measurements were performed on a home-built microscopy setup. This setup consisted of a Nikon
Ti-U inverted microscope, on which the sample was placed. The excitation light source was a 405-nm ps-
pulsed diode laser (Picoquant D-C-405), operated at a repetition rate of 500 or 250 kHz (for measurements on
core-only CIS or core/shell CIS/CdS QDs, respectively). The excitation light was guided into an oil-immersion
objective (Nikon CFI Plan Apochromat Lambda 100, NA 1.45) by a dichroic long-pass mirror. Before enter-
ing the microscope, the excitation beam was guided through an iris with a diameter of 2.0 mm. This underfilling
of the objective back-aperture reduces the effective NA for excitation (we estimate an NA of 1.2, based on a
measured back-aperture diameter of 5 mm). We thus obtain a slightly larger diffraction-limited excitation spot,
which makes the measurements less sensitive to drift. PL was collected by the same objective and filtered by
suitable long-pass filters to remove reflected excitation light. Additionally, the PL was filtered by a 600-nm
long-pass filter (Thorlabs FEL0600) to minimize the detection of background luminescence. The PL signal
was then directed to one of three detection setups: (i) two avalanche photon diodes (APDs; Micro Photon De-
vices PDM) in Hanbury Brown-Twiss configuration, (ii) a spectrograph (Andor Kymera 193i) equipped with
an electron-multiplying charge-coupled device detector (EMCCD; Andor iXon Ultra 888), or (iii) a setup in



which a non-polarizing beamsplitter directed half of the PL into the same spectrograph and the other half onto
an APD. The wavelength-dependent detection efficiency of the spectrograph—EMCCD pair (which decreases
significantly in the NIR) was corrected for using a broadband calibration light source (Ocean Optics, HL-
3plus-CAL). The EMCCD detector, avalanche photon diodes, and laser driver (Picoquant PDL 800-D) were
connected to a time-to-digital converter (qutools quTAG), that communicated the spectrum-recording, laser-
pulse, and photon-detection events to a computer. Live time-correlated single-photon data visualization and
storage was performed using home-written software.”

Fluorescence microscopy data processing and analysis

Custom Python scripts were used to process and analyze the single-QD data. The raw data obtained from the
time-to-digital converter contains a list of time tags for each signal received from our instruments: the APDs,
the EMCCD camera, and the laser driver.

The event lists from the laser driver and APD signals are compared to calculate the delay time for each pho-
ton detected. For each APD separately, a constant delay-time correction is then determined from the temporal
position of the decay curve maximum. This correction time accounts for, amongst other factors, a time lag
between the signals from laser driver and APD due to different cable lengths and light travel time. The negative
delay times ¢ that this produces are shifted by a laser pulse period T" via t — ¢ + T'. Such photons, that were
detected close to the rise in the decay curve (originating from the finite instrument response function), were
ignored in the further data analysis.

Our APDs exhibit so-called afterpulsing: after a valid photon detection event, there is a probability that the
APD reports a false photon detection event. We removed such after-pulsing events in post-processing by using
only the first photon detection event per laser pulse and per detector for further analysis, and discarding any
other events.

Where possible, we confirmed that we measured emission from an individual QD, instead of multiple QDs,
by measuring the cross-correlation g(?)(7) between two detectors in Hanbury Brown-Twiss configuration. A
relatively low correlation at lag time 7 = 0, compared to the side-peaks at £ the laser pulse period (4000 or
2000 ns), confirms that we detect emission from an individual (nearly) single-photon emitter.

The event list of the EMCCD channel contains the times at which the camera started integrating individual
spectra. With the data from this channel and known camera integration time, the start and end time of each
spectral recording is calculated. These start and end times, in turn, are used to link each detected photon on the
APD to a corresponding spectrum.

For both the measurements on core-only CIS and core/shell CIS/CdS QDs, the spectral integration time
was 100 ms. However, to improve the signal/noise ratio in the data analysis of the core/shell CIS/CdS QDs,
every four subsequent PL spectra were accumulated, thus yielding an effective integration time of 400 ms.

Excitation regime

We estimate the excitation regime, i.e. the average number of excitons generated in a single QD per laser
pulse, based on the single-QD absorption cross-section and the applied laser power. For measurements on
the core-only CIS QDs, we estimate a single-QD absorption cross-section of 0.10 nm?, based on an absorption
cross-section per CIS formula unit of 1.18-10717cm? at 3.1 eV,® a CIS chalcopyrite unit cell volume of 339.192
A3.% and a core-only particle diameter of 2.4 nm (see Section S2). We estimate the absorption cross-section of
the CIS/CdS core/shell QDs in the same way, i.e. we assume that the growth of a CdS shell has a similar effect
as increasing the size of a CIS-only QD (using a core/shell QD diameter of 3.0 nm, Section S2). We thereby
estimate an absorption cross-section of 0.20 nm?. In the measurements on individual core-only (core/shell)
QDs, we used excitation powers of 35 (23) nW, at a repetition rate of 500 (250) kHz, corresponding to a
fluence of 52 (69) wJ/cm? [for a diffraction-limited excitation-spot diameter of 412 nm, based on an effective
excitation NA of 1.2 (see above)]. This yields an average number of excitations per laser pulse of 0.11 and
0.28, for the core-only and core/shell measurements, respectively.



Section S2: Ensemble-scale characterization of core-only CulnS: and core/shell CulnS2/CdS samples

Electron microscopy and EDS
The CIS core-only and CIS/CdS core/shell QDs were studied using electron microscopy (see Section S1 for de-
tails). Unfortunately, the small particle size and poor contrast prohibit proper characterization, especially of the
core-only particles. We therefore estimated the nominal core-only particle size using absorption spectroscopy,
as well as WAXS and SAXS (see below). From the electron micrograph of the core/shell CIS/CdS QDs (see
Figure S1a), we can conclude that our CIS/CdS core/shell QDs are heterogenous in size and shape. We can dis-
tinguish lattice fringes in the high-resolution electron micrographs (Figure S1b—d). Analysis of the fast Fourier
transform (Figure le) indicates that the corresponding lattice spacings are 2.1 and 3.5 A. We attribute these
spacings to the {204} and {112} planes of chalcopyrite CIS,° respectively (see also Figure S3c,d).

We used EDS to determine the QD composition. Quantification of the EDS data (Figure 1f) yields an
atomic Cu:In ratio of 1.0:0.78.
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Figure S1 — Electron microscopy characterization. (a) High-angle annular dark-field micrograph, (b—d) high-resolution
transmission electron micrographs (HRTEMs), and (e) fast Fourier transform of the HRTEM, of core/shell CIS/CdS QDs.
(f) Energy-dispersive X-ray emission spectrum of core-only CIS QDs. The Au signal originates from the Au electron mi-
croscope grid. The inverse lattice spacings ¢ = 27 /d (with d the real-space lattice spacing) are indicated in panel e.



Optical spectroscopy
Both batches of core-only CIS QDs are spectroscopically virtually identical (compare absorption and emission
spectra in Figure S2a). As we were not able to obtain electron micrographs of sufficient quality to measure
the particle size (see above), we used the absorption spectra of the core-only samples to estimate their nominal
particle size. First, we determined the position of the first absorption feature by finding the minimum in the
second derivative of the spectrum. To this end, the absorption spectrum was fitted with a polynomial up to
order 20 (see Figures S2b,c), which was used to calculate the second derivative (dashed line in Figure S2b,c).
The obtained peak positions were related to the nanocrystal diameter using a literature sizing curve.® For the
core-only CIS-A and CIS-B samples, the peak positions are 2.255 and 2.240 eV, respectively, corresponding
to a diameter of 2.4 nm for both samples. We estimate a nominal diameter of 3.0 nm for the core/shell QDs,
assuming that the CdS shell-growth procedure deposited a single monolayer of zinc-blende CdS onto the QD
surface, which would increase the QD radius by 0.3 nm. '°

The PL spectra of the core-only and core/shell QDs exhibit very similar line widths and peak positions
(Figure S2d). The absorption spectrum of the core/shell QDs is slightly broadened compared to the core-only
sample (see Figure S2d). The PL decay is multi-exponential, and is the same for 405 or 510-nm excitation (see
Figure S2e,f). The decay of the core/shell sample is slower than that of the core-only sample, which may be
due to an improved quantum yield, and/or due to reduced electron—hole wavefunction overlap, as the electron
can delocalize over the entire core/shell particle, whereas the hole is restricted to the CIS core.
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Figure S2 — Spectroscopy on core-only CIS and core/shell CIS/CdS ensembles. (a) (solid lines) Absorption and (cir-
cles) PL spectra, of (green) CIS-A and (blue) CIS-B. (b,c) (light lines) absorption spectra, (dark lines) polynomial fits,
and (dashed black lines) second derivatives of the fitted polynomials, for the (b) CIS-A and (¢) CIS-B core-only samples.
Arrows indicate the position of the minimum in the second derivative. (d) The same as in (a), but for (blue) CIS-B and
(red) CIS/CdS QDs. (e) Photoluminescence decay curves of (blue) CIS-B and (light red) CIS/CdS QDs, excited at 510 nm,
and (dark red) CIS/CdS QDs, excited at 405 nm. (f) The same data as in (e), but plotted on double-logarithmic axes.



X-ray scattering and electron diffraction experiments

We have conducted small and wide-angle X-ray scattering (SAXS, WAXS) experiments on the core-only CIS
QDs, as well as electron diffraction (ED) measurements on both the core-only CIS and the CIS/CdS core/shell
QDs. The former two techniques allow an additional estimate of the CIS core-only QD size, while WAXS
and ED provide information on the crystal structure. The SAXS diffraction pattern (Figure S3a) exhibits no
minima, as expected for nanocrystals with a tetrahedral shape.!! Using the Guinier-fit approach (Figure S3b),
we obtain a radius of gyration of 1.2 nm.

The WAXS and ED patterns are shifted with respect to the chalcopyrite CIS reference peaks (Figure S3c).
After manually scaling the ¢ values these datasets coincide well with the reference peaks (Figure S3d), showing
that both the core-only and the core/shell QDs exhibit the chalcopyrite crystal structure. We attribute the initial
mismatch between the experimental data and the reference to calibration errors.

We additionally obtain a measure for the crystallite domain size 7 following Scherrer’s equation'? 7 =
27K /3, with K =~ 1 the Scherrer constant of a tetrahedral crystallite,'* and 3 the full-width at half-maximum
obtained from a Gaussian fit (Figure S3c). This approach yields 7 = 2.7 nm, in good agreement with the
diameters estimated from the absorption and SAXS data.
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Figure S3 — Results of diffraction measurements. (a) SAXS diffraction pattern of core-only CIS QDs dispersed in
toluene, and (b) Guinier plot of the same data. The dark blue line in b is a fit to the data. (c¢) (light blue) WAXS diffrac-
tion pattern of core-only CIS QDs dispersed in toluene; electron diffraction (ED) pattern of (green) core-only CIS QDs,
(red) core.shell CIS/CdS QDs; (black) reference peaks for the chalcopyrite CulnSs crystal structure,® generated using the
VESTA 3 software package.'* (d) The same as in panel ¢, but the ¢ values of the experimental data have been scaled by
(WAXS, light blue) 0.97, and (ED, green, red) 1.05, to overlay the experimental data onto the reference peaks. The dark
blue curve in c¢,d is the Gaussian fit used in the Scherrer analysis.



Fitting of ensemble-scale PL decay

The PL decay curve of the ensemble of CIS/CdS core/shell QDs was fitted with a simple model of a distribution
of radiative decay rates due to a distribution of hole localization sites. We assume that the electron wave
function is the lowest-energy solution to the particle-in-a-spherical-box problem, 1.(r) = asin(zr/a)/7r,
while the hole is a delta function, i (r) = §(r — rj0c ). Here, a is the QD radius, and ry, is the hole localization
site. The radiative lifetime is inversely proportional to the square of the electron-hole overlap integral:
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where 7 is the radiative lifetime for r,. = 0. We assume that the distribution of hole localization sites

(over the ensemble and time) is homogeneous over a sphere of radius 7, < a and no effect of nonradiative
recombination. This produces
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as a model for the PL decay curve. Fitting this to the data of Figure 2d yields a best fit with 7p = 111.2 ns
and rpux = 0.73ba. This is in good agreement with expected maximum radial position at which the hole can
localize (acore/acore/shell = 0.8).

The distribution of lifetimes p(7) in Figure 2f is defined such that

I(t, A, T, Tmax) = A/ @e_t/TdT. 3)
T0 T

We calculated the distribution numerically as
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where 0. (7) is the inverse of eq 1.



Section S3: Quantum-mechanical calculations

Here, we develop a theoretical model that describes spectral diffusion of photoluminescence and fluctuations in
lifetime observed in CIS quantum dots. We apply a simple effective-mass model, where the CIS/CdS core/shell
quantum dot is approximated as a spherical infinite potential well with radius a of 1.5 nm. The hole resides
on specific localization sites within the CIS core (with radius b = 0.8a = 1.2 nm), while the electron is delocal-
ized over the entire nanocrystal volume. There are two factors that strongly influence the exciton energy and
lifetime, namely the radial position of the hole localization site and the presence of external electric fields (e.g.
induced by mobile ligands/dangling bonds).

Linear electric-field approximation

In our simple model, we consider that two opposite charges £q at opposite sides of a spherical particle of
radius a produce an approximately homogeneous electric field of F' = q/(2meega?), where € is the vacuum
permittivity and e is the relative permittivity of the QD material. Two full elementary charges ¢ = e at opposite
ends of a particle with radius @ = 1.5 nm result in a field strength of F' = 1.3 - 10> MV m~!. Compared to the
actual, inhomogeneous, field distribution (Figure S4a), the assumption of a homogeneous field (Figure S4b)
introduces deviations in the electrostatic potential Vo, only very close to the charges (Figure S4c,d). For the
comparison of Figure S4, we do not consider effects of the dielectric contrast between the QD and its environ-
ment. We take ¢ = 10 for chalcopyrite CulnSy. 317
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Figure S4 — Validity of linear electric-field approximation. (a) Electrostatic potential V. inside a sphere with radius
a = 1.5 nm, with opposite elementary charges with charge +e situated at opposite ends of the sphere (indicated by the
small blue and red circles). (b) The electrostatic potential Vext, hom Obtained by approximating the field due to the charges
as homogeneous. (¢) The error in electrostatic potential Vext hom — Vext induced by the approximation of a homogeneous
field. Panels (a—c) depict a cross-cut through the sphere, showing the x,y-plane, with z = 0. (d) (blue) Vex; and (green)
Vext,hom plotted along a line running through the center of the sphere.
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Quantum-mechanical framework

The electron wave function ¢5, , .- (r.) can be expressed as a linear combination of spherical particle-in-a-box
wave functions:

w;c,lc,mc (re) = Z Cnc,lc,mc g'felcalcvmc (re)7 (5)
Ne,leyMe
Ry (re) Y (b, @) ifr < a,
€ — MNeyle e 6
§n57le;me (I‘e) { 0 if r 2 a. ( )

where the radial part of the wave function is given by R, ; (re) = An, 1.3 (Xn,,1.7/b)—with j;(z) the
spherical Bessel function of order I, ., ; the n' zero of j;(z) and A, a normalization constant—and the
angular part is given by the spherical harmonics Y, (6, ¢). The indices n., le, and m. describe the principal,



azimuthal and magnetic quantum numbers of the electron particle-in-a-box wave functions. Corresponding
energies are given by the sum of the bulk band gap E, and a confinement energy:

2 2
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with m, the electron effective mass. The probability density for the hole is approximated by a delta function

centered around the hole localization site riy.:
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The exciton wave function is the product of the electron and hole single-particle wave functions:

U o (e, th) = U5 (re) P (). 9

The radiative recombination rate of the exciton (inverse of the exciton lifetime 7) is proportional to the
square of the electron-hole overlap integral:
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and the energy of the exciton ground state is found using the Hamiltonian matrix H:

Eexciton - <\I/|H|\I’> 3 (11)

H = Hi(re) + Vo(re,rn) — eVext(re) + €Vext (Tioc)- (12)

Here, H§(r.) are the eigenvalues of spherical particle-in-a-box electron wave functions, Vi (re, rioc) is the
electron—hole interaction potential, and V. is the external potential. To calculate these Coulomb energies, the
CIS/CdS core/shell quantum dot is approximated as a homogeneous dielectric with permittivity € in a medium
with permittivity €pedium = 2-

The electron-hole potential has the form

e? 1 1 'p 1 p
VC(rearh> - 47T6€0 - ‘r 7rh‘ + (re;re) + 2 (rh7rh) (re7rh) b (13)

The electron—hole potential can be decomposed into a direct electron—hole interaction (first term) and indi-
rect interactions with image charges that exist as a result of the dielectric contrast between the nanocrystal and
the surrounding medium (second, third and fourth term). The direct interaction describes the attraction between
the electron and hole (drawing the electron towards the hole localization site), while the indirect contribution
describes the effect that charge carriers are attracted towards the point of highest dielectric stabilization (i.e.
the center of the nanocrystal).

The function P(ry,r2) is given by

> rirs
P(rq,ro) Zas a219+21 Py (cos (), (14)

with a; = [(v — 1)(s +1)]/[e (vs + s+ 1)], ¥ = €/€medium» and P the s™ Legendre polynomial of the
cosine of the angle between r; and ry. 820

The operator for the direct electron—hole potential can be expressed in terms of spherical harmonics using
a multipole expansion:
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As a result, the electron-hole interaction integrals can be separated into a radial integral and an angular
integral. The radial integrals are solved numerically and have the form

min(re, ry)?
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The angular integrals contain the spherical harmonics and are of the form:
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the angular integrals can be simplified to

Illy’n1712;7”2 E : E :

q=0p=—q

m2 Yp* (91007 ¢loc)

\/(2l1+1)(2lg+1)(2q+1) L o ¢\(lL s ¢
4 0 0 0)\m —-mg p)°
(20)

2q+1

Defining the hole localization site to be along the z-axis, combined with the relation Ps(cos () = \/4m/(2s + 1) Y,°(6, ¢),
the contribution of indirect electron—hole interactions can be calculated using a similar mathematical procedure.

We approximate that external charges generate a homogeneous electric field F' (see Figure S4), giving rise
to an electrostatic potential

Vet (r) = F - 1. @1

11



Perturbation theory

Neglecting all electron-hole interactions, the lowest-energy electron wave function is the 1S particle-in-a-box
function. Here, we account for the electron—hole potential (eq 13) using a first-order correction to the exciton
energy (this is a good approximation; see below). The impact of the hole localization site on the exciton energy
and lifetime are shown in Figure S5a,b (black circles). Hole localization on a site away from the center of the
nanocrystal results in a relatively high exciton energy (weak electron—hole attraction) and slow recombination
(small electron—hole overlap). Conversely, localization close to the center results in a low exciton energy and
fast recombination.

We consider the effect of an external electric field up to a second-order correction:

2
(W) Ve 910

Ey = E(()O) + <\IIE)())|%X'G|\I/§)()>> + Z ©0) 0)
EY — E

%

(22)

Here, Eéo) is the sum of confinement (second term in eq 7) and electron—hole interaction (eq 13, calculated
up to first order) energies:

EY = F o+ (9 |Ve |9 . (23)

The first-order contribution of the electric field evaluates to

(U | Vet |95) = p - F, (24)

with the internal dipole moment defined as

P = e(rloc - 1‘0) (25)

and ry the center of the nanocrystal. The major contribution to the second-order correction originates from
mixing with the 1P state. Neglecting contributions from other odd-parity states, the second-order term can be

expressed as
2
(W €|y
= —— aF", (26)

Z EO _E® 2

i

with the polarizability v = 0.036me%a*/h*. The second-order correction to the energy of the exciton is
small compared to the first-order correction, as the polarizability of the electron is small and the intrinsic dipole
moment of the exciton can be very large. The effect of polarizability on the exciton energy only becomes ap-
parent when the projection of the exciton dipole moment in the direction of the electric field is (approximately)
zero, or when field become very strong (i.e. the quadratic term dominates over the linear term). The range
of fields studied here roughly corresponds to the scenario in which two elementary charges of opposite sign
reside on either side of the quantum dot (see above). The results are shown in Figure S5e,f (black dashed lines).

12



Variational theory
With a variational approach, we can optimize the coefficients ¢, m», of the wave function of the exciton
ground state (eq 5, 10) by minimizing the exciton energy:

Eexciton = <\I,|H|‘I]> . (27)

80 basis functions were used to achieve convergence, with quantum numbers n, = {1,2,...,5}, [ =
{1,2,3} and me = {-3,-2,...,+2,+3}.

The results of this variational approach (solid lines in Figure S5e,f) differ slightly from the simple model
as predicted by perturbation theory. The most important discrepancies are that:

* perturbation theory overestimates the the exciton dipole moment

* perturbation theory overestimates the polarizability of the exciton

Both discrepancies originate from the fact that in our second-order perturbation description of the impact
of an external field, the effect of the hole on the electron wave function is neglected: attraction of the electron
wave function to the localized hole decreases the dipole moment (the electron is pulled towards the hole) of
the exciton as well as the polarizability of the exciton (electron—hole attraction attraction that opposes polariza-
tion of the electron cloud by an external field). The effective dipole moments calculated in the absence of an
external electric field are in good agreement with the slopes found in Figure S5e. The corresponding electron
charge densities are depicted in Figure S5c,d, for a hole localized in the center or 0.5a away from the center,
respectively. Similarly, the polarizabilities as expected from second-order perturbation theory are equivalent to
what we find using variational theory without taking into account electron-hole interactions (compare red and
black dashed lines in Figure S5f).

Estimation of polarizability from model

To obtain the polarizability in units of volume, we use the relationship o = 0.036m.e?a*/ h%. For a = 1.5 nm,
and m, = 0.153myg, a/(47eg) = 5 - 102 A3, with my the electron rest mass.

13
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line are calculated treating the external field as a second-order perturbation (eq 22). (g) Correlation between exciton energy
and lifetime, calculated using the variational approach in the presence of an electric field of 130 MV/m. The circle colors
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Table S1 — Overview of measurements on individual core-only CulnS2 quantum dots. With p¢ the fitted peak
energy of the total PL spectrum, FWHM;. the fitted full-width-at-half-maximum of the total PL spectrum, FWHM the
median FWHM of all fitted ‘instantaneous’ PL spectra, R, the spread in p, the fitted peak position of each ‘instantaneous’
PL spectrum, and (7) the mean photon delay time. Here, R, is defined as the difference between the 95th and 5th
percentile of the fitted p values. The blinking type abbreviations are: n.d.: blinking mechanism could not be determined,
BE: energy loss due to trapping of carriers from the band edge, HCC: energy loss due to trapping of hot charge-carriers,
and f: flickering, fluctuations in the PL intensity too fast to resolve experimentally. The total PL spectrum was accumulated
for time periods where Iy > 2.5 cts/100 ms. Only instantaneous spectra which were fit well (i.e., only fits where o, < 30
meV, ocrwaMm < 40 meV and FWHM > 60 meV, with o, the fit error on 1 and opwnw the fit error on the FWHM) were
used to calculate FWHM and R,,. Only 100-ms time periods in which the QD was not OFF (i.e., It > 15 cts/100 ms)
were used to calculate (7). See also the corresponding figures in the Extended Data.

CISQD  juor (€V) FWHM,o (meV) FWHM (meV) R, (meV) (7)(ns) Blinking type

1 1.810 226 155 171

2 1.759 179 154 63 - -
3 1.802 200 183 93 - -
4 1.902 206 192 99 - -
5 1.831 206 186 62 - -
6 1.535 224 191 83 - -
7 - - - - 406 BE
8 - - - - 190 BE
9 - - - - 412 BE
10 - - - - 212 f
11 - - - - 284 BE
12 - - - - 369 BE
13 - - - - 260 f
14 - - - - 418 n.d.
15 - - - - 311 BE
16 - - - - 266 HCC
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Table S2 — Overview of measurements on individual core/shell CulnS2/CdS quantum dots. Variable definitions
are the same as in Table S1. Additionally, abbreviations used to denote the type of spectral diffusion (SD) are: QCSE:

spectral diffusion due to the quantum-confined Stark effect, SC: spectral diffusions due to a change in the preferential hole

localization site. Similar to Table S1, the total PL spectrum was accumulated only using time periods where the total PL
intensity was high (criterium used here: Itoz > 40 cts/400 ms). Likewise, FWHM and R, were calculated using only
instantaneous spectra which were fitted well (criterium used here: o, < 40 meV A Iy > 40 cts/400 ms A FWHM

> 60 meV). Finally, only 400-ms time periods where Ito; > 40 cts/400 ms were used to calculate (7).

corresponding figures in the Extended Data.

See also the

CIS/CdS QD jitor (V)  FWHMy,; (meV) FWHM (meV) R, (meV) SDtype (7)(ns) Blink. type
1 1.885 191 188 57 - 399 BE
2 2.000 246 248 169 n.d. 554 HCC
3 1.813 167 157 87 n.d. 463 f
4 1.916 158 159 40 - 368 n.d.
5 1.800 174 173 34 - 483 HCC
6 1.871 191 182 90 QCSE 441 f
7 1.824 175 176 41 - 468 f
8 1.837 213 202 104 QCSE 574 f
9 1.759 166 168 53 - 396 f
10 1.960 157 162 58 - 334 f
11 1.831 217 209 95 QCSE 680 HCC
12 1.780 210 211 73 SC 623 BE
13 1.990 170 173 285 QCSE;SC 340 n.d.
14 1.772 191 194 58 - 685 f
15 1.862 472 276 292 QCSE 772 f
16 1.821 197 172 107 SC 575 n.d.
17 1.754 323 256 181 n.d. 639 HCC
18 1.881 184 178 67 - 376 f
19 1.850 253 220 186 QCSE 664 f
20 1.563 238 209 71 - 992 f
21 1.631 182 173 108 n.d. 461 f
22 1.858 197 177 114 QCSE 430 f
23 1.906 173 165 104 QCSE 373 n.d.
24 1.625 176 167 85 n.d. 513 f
25 1.719 218 216 113 n.d. 738 f
26 1.859 185 177 90 - 503 HCC
27 1.902 195 182 70 n.d. 340 BE
28 1.831 168 164 47 - 465 n.d.
29 1.726 167 164 27 - 489 n.d.
30 1.936 223 195 185 - 454 f
31 1.693 448 229 254 QCSE 683 f
32 1.759 297 256 174 QCSE 531 f
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Figure E1-E6 — Results of spectrometer experiments for more core-only CulnS, quantum dots.
Below we provide an overview of results from micro-spectroscopy experiments on core-only CulnS2 quantum dots.

The arrangement of each of these figures is as follows: (a) Total photoluminescence (PL) intensity (/tot) as a function
of time, obtained by integrating each measured PL spectrum over the interval 1.5-2.0 eV. (b) PL spectrum as a function
of time. The PL intensity is indicated by the color, from black to purple to yellow (low to medium to high). Each of the
measured spectra (integration time: 100 ms) was fitted using a symmetric Gaussian peak with a constant background. (c)
Fitted peak position p as a function of time (d) Fitted full-width-at-half-maximum (FWHM) as a function of time. For
clarity, only results from successful fits are displayed (i.e., only fits where o, < 30 meV and cpwam < 40 meV and
FWHM > 60 meV, with o, the fit error in px and opwnwMm the fit error in the FWHM). (e) The total PL spectrum, obtained
as the average of all measured PL spectra where 1o > 2.5 cts/100 ms. (f) PL spectra of selected time periods in the
experiment [colored spectra in (f) correspond to the indicated regions in (a,c,d)]. Symbols in (e,f) are data points. Solid
lines in (e) is a fit to an asymmetric Gaussian peak:

Aexp [L;”z] 10, fE<upu

20‘R
IGaussian (E7C7A7M7(7B7UR) = s (1)
Aexp [L;“)Z} + C, otherwise

20‘B
where E denotes the photon energy, and C, A, u, o, and og are the five fit parameters, which are the background
intensity, peak amplitude, peak position, high-energy (blue) standard deviation, and the low-energy (red) standard deviation,
respectively. Solid lines in (f) are fits to symmetric Gaussian peaks. The values of the relevant fitted parameters are
indicated in the respective panels. Dotted lines indicate (c,f) the median p, (d) the median FWHM, obtained from fitting
each individual PL spectrum.
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Figure E7-E16 — Results of double-APD experiments for more core-only CulnS, quantum dots.
Below we provide an overview of results from time-correlated single-photon counting experiments, using two avalanche
photon diodes (APDs) in Hanbury Brown—Twiss configuration, on core-only CulnS2 quantum dots.

The arrangement of each of these figures is as follows: (a) Total photoluminescence (PL) intensity (/tot) as a function
of time. (b) The average photon delay time (7) for each 100-ms period in the experiment. To minimize contributions from
background signal, only photons with delay times < 1.6us were considered. For clarity, only data points where Iio; > 15
cts/100 ms are displayed. (¢) Second-order correlation function. (d) Total PL decay curve, constructed from time periods
where Itot > 15 cts/100 ms. The total average photon delay time (7), calculated from this decay curve, without additional
time gating, is indicated. (e) Two-dimensional fluorescence lifetime—PL intensity histogram. Occurrence is indicated by
the color, from black to purple to yellow (low to medium to high). (f) PL decay curves constructed for (blue) GREY, (red)
ON periods, by selecting time periods with low or high I;., respectively. The intensity ranges that contribute to these two
curves are indicated by the colored boxes in panel (e). Symbols are data points, lines are fits to single-exponential decay
with a constant background.
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Figure E14 — Results of double-APD experiment on core-only CulnS; quantum dot 14.
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Figure E17-E48 — Results of measurements for more core/shell CulnS,/CdS quantum dots.
Below we provide an overview of results from hybrid time-correlated single-photon counting and PL spectroscopy experi-
ments on core/shell CulnS»/CdS quantum dots.

The arrangement of each of these figures is as follows: (a) Total photoluminescence (PL) intensity (/o) as a function
of time. (b) The total PL spectrum, obtained as the average of all measured PL spectra where ;o > 40 cts/400 ms. (c)
The total PL decay curve, constructed for all time periods where Iiot > 40 cts/400 ms. The average photon delay time
(1), calculated from this decay curve without additional time gating, is indicated. (d) PL spectrum as a function of time.
The PL intensity is indicated by the color, from black to purple to yellow (low to medium to high). Each of the measured
spectra (integration time: 400 ms) was fitted using a symmetric Gaussian peak with a constant background. (e) Fitted
peak position  as a function of time. (f) Fitted FWHM as a function of time. (g) The average photon delay time (7)
for each 400-ms period in the experiment. To minimize contributions from background signal, only photons with delay
times < 3us were considered. (h) PL spectra of selected time periods in the experiment. (i) PL decay curves, constructed
from selected time periods in the experiment. Colors in (h,i) indicate the time period over which the data was collected;
these regions are indicated by the same colors in panels (a,e—g). (j) Second-order correlation function, measured using two
APDs in Hanbury Brown—Twiss configuration, prior to the hybrid APD—spectrometer experiment. (k) Two-dimensional
fluorescence lifetime—PL intensity histogram. Occurrence is indicated by the color, from black to purple to yellow (low to
medium to high). (I) Correlation between (7) and fitted PL peak position x. (m) Correlation between Ito¢ and fitted PL
peak position p. In (I1,m), each symbol corresponds to a 400-ms period in the experiment, and the color (blue to green to
yellow) indicates time. For clarity, in (e—g,1,m) only results for time periods where the PL spectrum was fitted successfully
are displayed (i.e., only when o, < 40 meV and opwam < 80 meV and FWHM > 60 meV). Symbols in (b,h,i) are
data points, solid lines are: (b) a fit to an asymmetric Gaussian peak (see Equation 1), (h) symmetric Gaussians with a
constant background, and (i) single-exponential decay with a constant background. The values of relevant fitted parameters
are indicated in the respective panels.
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Figure E17 — Results of micro-spectroscopy experiment on core/shell CulnS2/CdS quantum dot 1.
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Figure E18 — Results of micro-spectroscopy experiment on core/shell CulnS2/CdS quantum dot 2.
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Figure E19 — Results of micro-spectroscopy experiment on core/shell CulnS2/CdS quantum dot 3.
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Figure E20 — Results of micro-spectroscopy experiment on core/shell CulnS2/CdS quantum dot 4.
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Figure E21 — Results of micro-spectroscopy experiment on core/shell CulnS2/CdS quantum dot 5.
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Figure E22 — Results of micro-spectroscopy experiment on core/shell CulnS2/CdS quantum dot 6.
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Figure E23 — Results of micro-spectroscopy experiment on core/shell CulnS2/CdS quantum dot 7.
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Figure E24 — Results of micro-spectroscopy experiment on core/shell CulnS2/CdS quantum dot 8.
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Figure E25 — Results of micro-spectroscopy experiment on core/shell CulnS2/CdS quantum dot 9.

24



w a. b.
£ 1200 - E[u=1.960 ev E
o = 1.
S 1000 S [FWHM=157mev| &
@ 8004 < <
R 2 2
< 600 i i
E 400 Qo Qo
c c
g 2007 S 3
: 0 T T T T T T T T T o T T o
o 0 20 40 60 80 100 120 140 160 180 200 16 18 20 0 1 2 3 4
Time (s) Energy (eV) Delay time (us)
i
1 -1
i 10 T=243ns
1
1
i
1.942 eV 1
e. (156 meV) 4
2.1 H
1
2.0 H
< o) e o o [ 1
T 1o [TRORRRy TV W&, i
3 o — I —
] > | 1.943 eV :
18 o . £ |asamev) A E .
17 = 1 £ 10 1 293 ns
. T T T T T T T T T
2 i 2
[%2] 1 [%2]
400 g i g
< £ ! £
% 300 ° = [ 1.920ev =
£ o0 o | (171 meV)L o
i 1071 313 ns
1
i
1.918eVv 1
(169 meV) 4
g. 1
12 1 -9
H 10 1 338 ns
— _ o !
g 0.8 o i :
= 1.933ev |
_________ (165 meV) :
! -11
T T T T 10 T T T
0 20 40 60 80 100 120 140 160 180 200 16 18 20 0o 1 2 3 4
Time (s) Energy (eV) Delay time (us)
—~ k. l. —_ m.
£ 1.5 g
21.0- % 1000 g 1000
c E 1.04 N
g 8 ' o| 8 A
g g ¢ = $
- [ 2 _ .
£05 g 500 =054 C- 500 b
Q@ 5 > °& o
[} = v € ° pe)
g E . B
= 0.0 " . W AW A 0 0 — i
oL T T T 1 T T T . T T T T T o I I I I I I
-12-8 -4 0 4 8 12 0.0 0.4 0.8 1.2 14151617181920 14151617181920
Lag time (us) (1) (us) PL peak position (eV) PL peak position (eV)

Figure E26 — Results of micro-spectroscopy experiment on core/shell CulnS2/CdS quantum dot 10.
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Figure E27 — Results of micro-spectroscopy experiment on core/shell CulnS2/CdS quantum dot 11.
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Figure E28 — Results of micro-spectroscopy experiment on core/shell CulnS2/CdS quantum dot 12.
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Figure E29 — Results of micro-spectroscopy experiment on core/shell CulnS2/CdS quantum dot 13.
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Figure E30 — Results of micro-spectroscopy experiment on core/shell CulnS2/CdS quantum dot 14.
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Figure E31 — Results of micro-spectroscopy experiment on core/shell CulnS2/CdS quantum dot 15.
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Figure E32 — Results of micro-spectroscopy experiment on core/shell CulnS2/CdS quantum dot 16.
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Figure E33 — Results of micro-spectroscopy experiment on core/shell CulnS2/CdS quantum dot 17.
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Figure E34 — Results of micro-spectroscopy experiment on core/shell CulnS2/CdS quantum dot 18.
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Figure E35 — Results of micro-spectroscopy experiment on core/shell CulnS2/CdS quantum dot 19.
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Figure E36 — Results of micro-spectroscopy experiment on core/shell CulnS2/CdS quantum dot 20.
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Figure E37 — Results of micro-spectroscopy experiment on core/shell CulnS2/CdS quantum dot 21.
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Figure E38 — Results of micro-spectroscopy experiment on core/shell CulnS2/CdS quantum dot 22.

37



w  a b. oC.
£ 800 - —~ 10 3
) g\/ u=1.906 eV E
< 600 HM =173 meV o _
z = S107
> 400 G G
% 5 G 10
g 200 £ E :
c — — -3 Calndh
: 0 o T T T o 10
o 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 1.6 18 20 o 1 2 3 4
Time (s) Energy (eV) Delay time (us)
i
-1
10 7=231ns

E (eV)

1.905 eV
(158 meV)

1.910 eV
219 (153 meV)

1.887 eV
(159 meV)

10

282 ns
10 A

292 ns

PL intensity (norm.)
PL intensity (norm.)

N
(4]
£
z (1'71 V)
me
=
[T
0 T T T T T T T T T T T T T T T
12% 1.837 eV

(204 meV)

h°1.867 eV |
(204 meV) IR
! 10" T
T T T T T T
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 16 18 20 0 1 2 3 4
Time (s) Energy (eV) Delay time (us)
—~ k. l. —__m.
£ 800 15 2 800
210 @ 8
== £ 600 S 600
5 s 1.0+ I
ks g 40 < 400
Cos 7 2 RATH 2
s o = 0.5 — g} %) ‘
8 <20 > | & 2007 &
7 E g . §
N £ Ve
o a3 g >
(&) 00 0 T T T T T o O T T T T T
-12-8 -4 0 4 8 12 0.0 0.4 0.8 1.2 14151617 181920 14151617 181920
Lag time (us) (1) (us) PL peak position (eV) PL peak position (eV)

Figure E39 — Results of micro-spectroscopy experiment on core/shell CulnS2/CdS quantum dot 23.
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Figure E40 — Results of micro-spectroscopy experiment on core/shell CulnS2/CdS quantum dot 24.
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Figure E41 — Results of micro-spectroscopy experiment on core/shell CulnS2/CdS quantum dot 25.
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Figure E42 — Results of micro-spectroscopy experiment on core/shell CulnS2/CdS quantum dot 26.
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Figure E43 — Results of micro-spectroscopy experiment on core/shell CulnS2/CdS quantum dot 27.
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Figure E44 — Results of micro-spectroscopy experiment on core/shell CulnS2/CdS quantum dot 28.

43

O T T T T T
141516171819 20

PL peak position (eV)

4



Y b. oC.
£ 400 - —~ 10
S E| w=1726eV E (1) =489 ns
N g [FWHM = 167 meV s
2 = =10 7
O >
2200 Z =
= o c -2
@ g 210 7
3 = E
E g T 102
: 0 T T T T T T T T T T T o T T o 10
o 0O 20 40 60 80 100 120 140 160 180 200 220 240 260 14 16 18 2.0 o 1 2 3 4
Time (s) Energy (eV) Delay time (us)
h. i.
- 7=395ns
10 7 °
£ : £
] 1 o -5 |
1-5 T T T T T T T T T T T T 5 : 5 10 419 ns
2 1 2
2 ! 2
400 Q H 2
< £ y 1.717eV E
[ P -
£ o 1 o
= d 107 4 412 ns
I 1
= i
= ]
0 T T T T T T T T T T T T ! 1.713 eV
1
12% i "
: 10 370 ns
1
]
]
1 1710eV
: (173 meV)
! 10—11
T T T
0O 20 40 60 80 100 120 140 160 180 200 220 240 260 14 16 18 20 o 1 2 3 4
Time (s) Energy (eV) Delay time (us)
—~ k. l. —~ _m.
£ 400 15 2 400
2 1.0 i o
= 2 300 < 300
5 s 1.0+ o ® I
k= S)r 0 ° o' S 200 1
ko) 3 L > 3
= 0.5 3 = X
5 g ~= 0.5+ 3 2 ¢
o <1 < § 100 “:i
A = R=
o -
(&) 00 0 T T T T T o O T T T T T
-12-8 -4 0 4 8 12 0.0 0.4 0.8 1.2 141516171819 20 141516171819 20
Lag time (us) <r> (us) PL peak position (eV) PL peak position (eV)

Figure E45 — Results of micro-spectroscopy experiment on core/shell CulnS2/CdS quantum dot 29.
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Figure E46 — Results of micro-spectroscopy experiment on core/shell CulnS2/CdS quantum dot 30.
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Figure E47 — Results of micro-spectroscopy experiment on core/shell CulnS2/CdS quantum dot 31.
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Figure E48 — Results of micro-spectroscopy experiment on core/shell CulnS2/CdS quantum dot 32.
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Figure E49 — Correlation of fitted linewidth and peak position for all core/shell CulnS,/CdS quantum

dots.
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