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Semiconductor copper indium swale quantum dots
are emerging as promising alternatives to cadmium- and lead-based
chalcogenides in solar cells, luminescent solar concentrators, and
deep-tissue bioimaging due to their inherently lower toxicity and self-trapped exciton Band-edge exciton
outstanding photoluminescence properties. However, the nature.pf

CulnS,/ZnS

temperature single quantum dot spectroscopy on cshell *E
copper indium sulde nanocrystals, we observe two subpopulatian$
of particles with distinct spectral features. Thest class shows I
sharp resolution-limited emission lines that are attributed to zero??
phonon recombination lines of a long-lived band-edge exciton.
Such emission results from the perfect passivation of the copper
indium sul de core by the zinc sulle shell and points to an inversion in the band-edge hole levels. The second class ex
ultrabroad spectra regardless of the temperature, which is a signature of the extrinsic self-trapping of the hole assi
defects in imperfectly passivated quantum dots.

core shell nanocrystals, single dot spectroscopynestitature, excitphonon coupling, exciton self-trapping
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olloidal semiconductor copper indium d=il(CIS) electron with a localized hofé*%® 2% vet, the nature of

guantum dots (QDs) are promising alternatives tothe hole localization site has still not been elucidated. The

Cd- and Pb-based nanocrystals due to their inherentiyay be captured by either a"@elated defe??* or self-
lower toxicity, large absorption cross section over a broatpping:>*°?° leading to an ongoing debate on the origin
spectral range, long radiative lifetime (viz. tens to hundredsthe PL broadening in CIS QDs. Moreover, unlike their bi
nanoseconds), and large Stokes shBB( 500 meV) witha  counterpartS, the emission from the band-edge exciton F
wide photoluminescence (PL) tunability from the visible to theiever been reported in CIS QDs. Thus, the theoretical mc
second near-infrared biological winddvlhese properties  developed to explain the large Stokes shifts and long rad
make them particularly attractive for QD-sensitized sofar cellgsetimes with a band-edge hole-level invétsians not been
luminescent solar concentratdrand bioimaging.® Bare  confronted to any luminescence spectroscopy result.
CIS QDs usually show low PL quantum yields and a poor single-dot spectroscopy is the method of choice to unr
photostability, thus restricting their direct use for applicane nature of the physical mechanisms at the origin of the
tions' ®> These limitations can be circumvented by OVeli, CiS-based QDs. In early spectroscopic studies, the rc
coating them with a shell of wide bandgap semiconducto&gmpf__,r‘,jlture PL line width 200 meV) of single CIS/CdS
(e.g., ZnS and CdS}:* With the advanced development of 55c o< found to be slightly narrower than that of G
colloidal synthesis and postshelling procedures, the State%‘?semblééand was interpreted as the manifestation of str¢

the-art CIS-based coshell QDs exhibit low size dispersion, S y .
excellent photostability, and competing PL quantum yielaesIeCtron phonon coupling induced by hole self-trapping

over 809%!"'? Strikingly, their absorption and emission

bandwidths (200 400 meV) are much larger than those of June 9, 2021
the prototypical binary QB's'® regardless of their size and September 20, 2021
shape dispersions or their compositions. After more than'& September 21, 2021

decade of extensive experimental and theoretical work, the
emission from these nanostructures is considered to stem from
the recombination of a delocalized conduction band (CB)
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regular Ctisites=® Later, single CIS/ZnS QD PL line widths
as narrow as60 me\:® which are comparable to those of
single CdSe QDS$!* were reported and considered as the
signature of the recombination of a delocalized CB electron
with a hole localized on a Cu-related defect. Therefore, the
broad ensemble PL spectra have been attributed to random
positioning of the emissive centers within the'®Dsose
studies thus lead to contradictory results and disparate
interpretations regarding the origin of the PL line width
broadening and the nature of the hole-localizing center, while
knowledge of the fundamental optical properties of CIS QDs is
essential for the design of CIS QD-based light emitting and
optoelectronic devices.

Here, we perform low-temperature spectroscopy of single
CIS/ZznS QDs to unravel the photophysical properties and
ultimate PL line widths of these nanostructures. Two
subpopulations of QDs were ideadi the rst displaying
emission lines nearly as broad as those at room temperature
and the second exhibiting sharp resolution-limited zero-
phonon lines (ZPL) at liquid helium temperature. Our
spectroscopic measurements let us infer that the broad spectra
originate from defect-assisted exciton self-trapping, while the

L . Igure 1. Characterization of the CIS/ZnS coehell nanocryst-
sharp ZPLs stem from radiative recombination of the ban Tg. (a) High-angle annular darkeld-scanning transmisysion

edge exciton. Single-QD PL decays and magneto-optieglciron microscopy image of the product CIS/ZnS QDs. (b)
spectra of the band-edge exciton give insights intmehe corresponding elemental maps with scale bars of 20 nm. (c) One-
structure and relaxation dynamics and shed light on th@imensional electron draction pattern obtained by the azimuthal
symmetry of the upper hole levels. Thadings will guide integration of the two-dimensional electron daction pattern

the development of accurate theoretical models of excitshown in the inset. The draction peaks are in accordance with
states and emission pathways in CIS-based QDs in the viewhgse of wz-CIS (PDF no. 01-077-9459). (d) High-resolution TEM

poten“al Optoelectron|c app“ca“ons Images (Ieft Column) and Corresponding Fourier transform
patterns (right column) of two CIS/ZnS QDs. The Fourier

transform patterns are indexed to the axial projection of the
hexagonal wz-CIS structure along the [001] and [111] directions
The CIS/ZnS QDs used in these studies were prepared frofibm top to bottom, respectively. See théethods section for
wurtzite (wz) CIS cores grown by topotactic partiaf@@u details of the QD synthesisthe sample preparation, and
In3* cation exchange in template, G3I nanocrystals, which characterization.
were then heteroepitaxially capped with a ZnS-shele a
shows that the nanoparticles are composed of near#psorption spectrum, indicating an increase in the band-edge
stochiometric CIS cores (Cu/ln 1) capped with a thick exciton energy. This can be ascribed to partiafaen’™
shell of ZnSKigure b). The average QD size is#.6.6 nm and Cd cation exchange followed by intersion, which
(Figure &), while that of the cores is (49 0.4 nm) leads to an increase of the core semiconductor bamdgap.
(Supporting InformatioBI Figure §lindicating that around  Another possibility is that the core diameter shrinks due to
four monolayers of ZnS were grown on the CIS core. Theither etching prior to the shell overgroWthor shell
small particles are pure ZnS that nucleated during the shellimgrowth by cation exchar§é& resulting in a stronger
procedure $I Figure 92 Selected-area electronralttion guantum comement of the charge carriers. Moreover, the
analysisHigure t) together with high-resolution TEM images lattice compression of the CIS cores by the thick ZnS shell
(Figure ol andSI Figure S3clearly show that the CIS/ZnS leads to strain that may further shift the exciton energy levels
QDs keep a hexagonal wz crystal structure after the Zm&higher energies, as was also observed in prototypical CdSe/
shelling. Compared with chalcopyrite (cp) CIS/ZnS“ODs, CdS QDs’ The low-energy absorption tail is sicaitly
these QDs have narrower size and shape distributions andeduced in the CIS/ZnS corghell QDs Figure @), implying
redshifted emission due to their smaller CIS bandgap. Thdirat the ZnS shell suppresses sub-bandgap state absorption by
near-infrared emission range is thus relevant for varioaichiometry or surface chemistry neadions in the cores.
applications, such as luminescent solar concentrators or in vtokingly, the PL spectrum of CIS/ZnS QDs exhibits a global
bioimaging. blue shift by more than 240 meV with respect to that of the
The room-temperature absorption and PL spectra of th€IS cores, i.e.ve times larger than the blue shift observed in
bare CIS cores and CIS/ZnS QDs are presentédure 2. the absorption spectrunfigure 2a). This shift can be
The wz-CIS cores exhibit a broad PL line width and attributed to an ecient passivation of surface traps or inner
featureless absorption transition with a low-energy absorptidafects that induce deep intrabandgap $tates.
tail that extends far below the bulk CIS bandgdp3 ( Interestingly, two sub-bands show up in the PL spectra of
eV)?%%° The tail is also commonly observed in chalcopyriteC1S/ZnS QDs in solutiorF{gure a) or those embedded in a
CIS QD$ * and can be attributed to Cu-related sub-bandgapoly(methyl methacrylate) (PMMA) polymédm (Figure
state absorptidn>'%?%3° After capping the CIS core with 2b). Fitting such spectra with a double-Gaussiale gields
ZnS, the overall PL quantum yield saamitly improved to 55 a broad band (hamed BaBdeentered at 1.60 eV with a
+ 5% and a slight blue shift b¥0 meV was observed in the fwhm of 290 meV and a narrower one (named Bnd-
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Figure 2. Ensemble absorption and emission spectra of CIS nanocrystals. (a) Room temperature absorption and PL spectra of wz-CIS QDs
suspended in toluene before and after ZnS shelling. As the emission of the CIS/ZnS QDs stands at the edgeciEitye range of the
visible and near-infrared detectors, their PL spectrum was recorded using both visible (yellow line) and near-infrared (red line) detectors.
The excitation energy is 2.8 eV. Thest absorption peaksH, s 1.759 eVEqszns  1.802 eV) marked by hollow circles are located by

nding the minima of the second derivative of the absorption spectra (se8ltlivégure Si. (b) Temperature-dependent ensemble PL
spectra of the product CIS/ZnS QDs in a PMMA polymém from 280 to 4 K. The spectrum at 4 K isted with a double-Gaussian prie
(green line). The t resolves two bands centered at 1.61 eV (BBnded dashed prde) and 1.75 eV (Band¥, blue dashed prde),
respectively. A statisticahe structure is observed in Bahdbelow 100 K. (c) Ensemble PL spectrum of diluted CIS/ZnS QDs at 4 K.
Pronounced sharp lines are observed over the Bé&n@) Temperature dependence of the PL line widths of BBratid the BandN. The
blue hollow circle gives an estimation of the low-temperature inhomogeneous width oNBand-

Figure 3. Spectroscopic features of single wz-CIS/ZnS nanocrystals at 4 K. (a) Confocal PL image of individual wz-CIS/ZnS QDs dispersed
ina PMMA Im at 4 K, which were excited at 561 nm with a cw intensity kW cm 2. The color bar indicates the PL intensity. (b) Time

trace of the PL intensity of a single QD at 4 K, recorded under the same excitation conditions and with a bin time of 50 ms. The distribution
of photon counts per bin is wellt with a Poisson distribution calculated using the mean number of counts (red curve). The gray line is the
time trace of the sample PL background. (c and d) PL spectra of representative broad-emitting B),apdeiarrow-emitting (d, typé)

single CIS/ZnS QDs recorded under the same conditions.

centered at 1.74 eV with a fwhm of110 meV. The relative two di erent emitting species that are responsible for these two
weights of both bands vary inedent regions of the polymer bands. BanB-displays a large Stokes shi@Z0 meV) very
Im (SI Figure 95 pointing to nonuniform distributions of similar to those observed for both tetragonal cp2Ci8d
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Figure 4. PL spectra of single typenanocrystals at 4 K. (a) Spectral trail of a single ti{o@®D (upper panel) built with 36 consecutive
spectra recorded with an integration time of 5 s under an excitation intensity of 400 W Ehe PL spectrum of the bottom panel was
obtained by summing all frames of the spectral trail after shifting them to get rid of the spectrsibah. (b) Histogram of the ZPL widths

of more than a hundred typi-single QDs. (c) The blue histogram displays their distribution of ZPL energies. titdg a Gaussian prde
(dashed blue line) with a fwhm 100 meV and maps well onto the structured red-wing of the PL ensemble spectrum (réz).pia) The

PL signal (after background subtraction) of a QD is plotted as a function of the excitation intensityt (ted line) with the saturation law

R(I) =R (I/19/(1+ I/1y), whereR denotes the maximal count ratedenotes the excitation intensity, ahglthe saturation intensity,
which is here 2.4 kW cr. (e) Zoomed-in PL spectrum of a single QD built over 10 min of integration using the same method as in that in
panel a, highlighting the observation of two main longitudinal optical phonon modes namezhd@.O,. (f) Histograms of the L@ and

LO, phonon energies centered on 9.2 and 43.2 meV, respectively.

hexagonal wz-Cf8° QDs. Band can thus be ascribed to spectra of numerous individual QDs reveals two very distinct
the recombination of delocalized CB electrons and localizethsses of emission that do not coexist at the single-particle
Cu-related holes. In contrast, the narrow Basftbws a weak  level. Indeed, single QDs either show a broad line (féhin
Stokes shift (50 meV irFigure a) highly comparable to that meV) centered aroundl1.61 eV Figure 8) or exhibit an

of the prototypical binary IVI and Il V QDs'*'° ultranarrow ZPL (fwhm1 meV) at higher energigsiqure
Therefore, we attribute BaNde the radiative recombination  3d). Other examples of PL spectra are presenfdd-igure

of the band-edge exciton within the subpopulation of defeatq We infer that the broad-emitting QDs (t@pewhose

free particles. o histograms of peak energies and bandwidths are st&iwn in

When lowering the temperature, Bendses weightinthe  rigure S10 contribute to BanB- of the ensemble PL

ensemble PL spectrum of CIS/ZnS QBg(re B). Below  ghectrum, while the narrow-emitting ones (#ypevhich

100 K, it becomes structured with the onset of many shatgycqynt for about 40% of the ensemble of QDs, are likely the
emission lines. At 4 K, the peaks have line widths in t igin of Band\.

millielectronvolt range and appear more distinctly as the Q In the following, we focus on the optical properties of single

concentration decreaseSigiire 2), recalling a regime tvoeN ODs. Eiqure 4 (uoper panel) exemms a sinale-OD
commonly referred to &statistical ne structur€” (seeS| I:)’/IE) speQ(:trai trgil reco(rdpe[()j 0\[/)er 3)min atpir K. Usgi]ngQa weak

Figure Sp The lines are randomly distributed within an T :
inhomogeneous bandwidth 0 meV and are individually excitation intensity .@00 W cm?), the ZPL und.ergoes
reduced spectral dision (see more examplesSinFigures

sensitive to photobleaching upon resonant excitaion ( e .
Figure SY showing evidence that they belong to singleSll and S)2By shifting the spectra along the trail so that the

particles. In contrast, BaBdemains smooth and its line residual' ZPL e>.<cu'rsions are eliminated and §gmming all of
width slightly narrows t0260 meV at 4 KFRigure @), them, high-quality integrated PL. spectra are Bighré 4,
suggesting that it is dominated by a homogeneous broadenffjtom panel, andll Figure S)3The distribution of PL line
process that persists at liquid helium temperatures. vwdths ofFigure #, which were built over more than 120
To gain a deeper insight into the origins of the two band$ingle QDs, shows that more than 40% of the nanocrystals
Sing|e_d0t Spectroscopy was performed at Higlgre a eXhlblt.SUb;ml”leleCtrOﬂVOlt ZPL line widths reaChlng the
displays a confocal PL image of individual wz-CIS/znS QD#§solution limit of the spectrograph0(72 meV). The PL
dispersed in a PMMAmM under a continuous wave (cw) laser peak energies span from 1.6 to 1.9 eV, and their histogram can
excitation at a wavelength of 561 nm. For about half of therg reproduced with a GaussianIprthat closely matches the
the luminescence is stable with shot-noise-limited intensigpectral distribution of Bahdin the ensemble PL spectra of
uctuations measured over minutes of acquisition times, &igure B. This strengthens the assignment of Raodype-
exemplied by the PL time trace of a single QPigure B N QDs and therefore the argument that it arises from radiative
(see alsasl Figure 98 A systematic investigation of the PL recombination of the band-edge exciton.
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Figure 5. Band-edge excitone structure and relaxation dynamics. (a) Evolution of the PL decay of a singldl twygeClS/ZnS QD with
temperature under pulsed excitation at 561 nm with an average intensity of 75 ¥\(lsjyScheme of the three-level model, whepeand

¢ are the radiative relaxation rates |gf and |F , respectively, E is the energy splitting between these states, ani$ the zero-
temperature spinip rate. The thermal mixing ratg, betweenlA and|F is given by, = [Ng, whereNg = [exp( E/kTH 1L°tis the
Bose Einstein acoustic phonon number at temperatlite(c) Temperature dependence of the long-component decay rat&he red
curveisatwith ,=5 s =046 st ;=05 s!, E=1.6 meV. (d) Evolution of the PL spectrum of a single tf)p&IS QD
under various magnetieeld amplitudes at 4 K. It ist with a double Gaussian prte (blue and red peaks). (e) Energy splitting between the
two ZPLs as a function of the magnetield. The red curve is at using the expression of. (f) The weight of the ZPL assigned {6
increases with the magnetield. The data in panels e and f and their associated error bars were obtained frots thepanel d.

Figure 4 shows the intensity dependence of the emissiobehavior is the hallmark of the thermal mixing between exciton
rate detected for the QD kigure 4 (other examples are  ne-structure sublevels involving an optically actle (
presented 5l Figure SJ)4 After a linear increase at low lowed) exciton state namaﬂ and a low-lying long-lived
excitation intensities, a saturation behavior is visible as a cl¢dorbiddet)) one namedF ,** which is optically inactive with

signature of an eient nonradiative Auger proc&ssFitting respect to the selection rule on the total exciton angular
the intensity dependence of the PL signal with the saturationomentum. The thermalization between these sublevels can
law (Figure 4) yields the saturation intensitg.4 kW cm? be modeled on the basis of a three-level system, including the
from which the absorption cross-section is estimat8drte zero-exciton ground statégure B). The energy splitting of

10 ! cn? for this QD using an exciton lifetime @00 ns. 1.6 meV betweed and|F was deduced bytting the

This derivation is fairly consistent with the value sf1I03° temperature dependence of the long-component PL decay rate
cn? extracted from the molar absorption @ient of a room L (Figure 8). Importantly, the lifetime of the bright exciton

temperature QD solution (segupplementary Note).1 in CIS QDs was found to be more than one order of
Interestingly, the zoomed-in single QD spectrufigafe ~ magnitude longer than that of CdSe @Dseaning that the

4e reveals two main longitudinal optical phonon sidebands &diative recombination from this state is weakly allowed.

9.2 and 43.2 me\Figure #) that match the Raman scattering  To further reveal the excitome structure in CIS
peaks of wz-CIS nanocrystalsHigure S)5Compared with ~ nanocrystals, magneto-agitispectroscopy of individual
ensemble measurements of CIS QDs where the excitéPeN CIS QDs was performed, as exeegplinFigure 8.
recombination lines are hidden by inhomogeneous broadenitg,zero eld, the spectrum is comprised of a dominant ZPL
spectroscopic studies of single QDs allow the determination®td & weak line in its low-energy wing. When raising the
phonon contributions to the thermal broadening of theMagnetic eld, both ZPLs split further apart and the lower-
homogeneous line and the exciton relaxation mechanisms.§8§rgy one gains weight until it dominates the PL spectrum at
described irSl Figure S1@he PL spectrum of typeCIS 7T.As observed in mdwu_jual_CdSe_@fb%thls behamor is
QDs exhibits a continuous redshift with temperature as &Signature of the magnetic brightening of a low-lying optically
consequence of thermal expansion of the lattice and tfaactive exciton state. Fitting the energy splittingth the
electron phonon interactioff. From the linear thermal expression = ./ % (0¥ ;B?, where ,is the zeroeld

broadening of the ZPL up to 50 K, we deduce an excno%'plitting, B is the amplitude of the magnetield nearly

: . . Ice an e
acoustic phonon coupling ceeent of 63 eV K", whichis  herpendicular to the nanocrystal symmetry gxise Bohr

highly comparable to that of the prototypicalllQDs. __magneton, ang*°is the excito-factor for aeld orthogonal
The temperature dependence of the PL decay of a singigne crystal axis, yieldg 1.2 meV, which is comparable to
typeN CIS QD is displayed Figure 8. At4 K, the PL decay e energy splitting estimated from the temperature evolution

is biexponential with a fast decay component within a fey ihe decay rates. Thdactord®® 2.8 is similar to that
hundred nanoseconds and a much slower one with a lifetime Rk asured on single CdSe &DBhe spin-ip rate between
> in the microsecond range (other examples are presentgfk two ne structure sublevels can readily be deduced from
in SI Figure S173,bWith increasing temperatures, both the relative weights of the bright and dark ZPLs using the
components shorten, and the long one gains weight at tiselutions of the rate equations (Se€igure S)8This rate,

expense of the fast one, which vanishes above 50 K. ThiBich was estimated to 18! in zero eld, is much lower

17577 https://doi.org/10.1021/acsnano.1c04909
ACS Nano 2021, 15, 1757317581


https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c04909/suppl_file/nn1c04909_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c04909/suppl_file/nn1c04909_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c04909/suppl_file/nn1c04909_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c04909/suppl_file/nn1c04909_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c04909/suppl_file/nn1c04909_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c04909/suppl_file/nn1c04909_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c04909?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c04909?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c04909?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c04909?fig=fig5&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c04909?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

than the relaxation rate of the bright exciton in accordancstate’ We propose that the spatial positions of defects in the
with the observation of the dominant contribution ofthe  CIS core prior to ZnS shelling determine the fate of the QD
exciton ZPL in the PL spectrum. It was found to acceleratemission fathway. For example, due tof@@wzr?* cation
with the magneticeld, upto 6 s *at 7 T, as a result of two exchange;™** ZnS shelling is expected to remove most Cu-
possible mechanisms: the increased splitting, which enableglated defects sitting near the surface of the CIS core, thus
larger density of phonon modes to assist the reld%ation, preventing the occurrence of an exciton self-trapping process in
the admixture in the optically inactive stat¢Aqf which this region. In such aliovalent cation exchange, the charge
breaks the selection rules inhibitingAhéo{F relaxatiofi® balance is preserved through the exchangemidinumbers

We have attributed the sharp emission fron\ypPBs to of incoming and outgoing cations with vergrdint solid-state
the radiative recombination of the band-edge exciton. Thi usion coecients (one Zff replacing two fast-dising
emission pathway has been put forward in the model of tHgu* cations)**> For QDs that do not present hole
valence-bande structure proposed by Shabaev&watich localization sites deeply embedded in the core, the direct
predicts that the optical transitions between the electron arEhnd-edge exciton radiative recombination becomes possible.
hole ground states are weakly allowed for cp-CIS QDs withSauch QDs are thd-type QDs, whil&-type ones have hole
spherical shape. Indeed, while the lowest-energy electron &ehlization sites in the core that are nectad by ZnS
hole levels have respectivilype andp-type symmetries, shelling and therefore show broad emission due to extrinsic
interactions due to the anisotropic crystal structure inducesglf-trapping. The recent observation of correlations between
mixture of odd and even hole states, leading to a radiativeproducible emission energies and lifetimes of single CIS QDs
recombination of the grounexciton. Additionally, the provides evidence that the hole localizes on preferential Cu
deviations from spherical shapes measured on our QDs willes in CIS QDS Although the nature of these preferred Cu
further promote the mixing of the hole states and thereforgites remains unclear, our work shows that they may be
foster one-photon optical transifidriThe observation of eliminated or rendered unfavorable for hole localization by
narrow ZPLs associated with long-lived exaiterstructure  ZnS shelling, as evidenced by the Ny@#>s. The relative
states for typl- QDs is a direct signature of this emissionincrease in the intensity of Bahawith respect to that of
pathway. We also attribute the lowest absorption peak at B&ndB when increasing the temperatiigi(re B) can then
eV (Figure 2) to this band-edge exciton transitipitype be explained by the thermal deactivation of the self-trapping
hole tostype electron) and thus consider the absence of grocess and the promotion of band-edge emiSsion.
Stokes shift in the emission of these QDs. This assignment is at
variance with the interpretations of2@fwhere the lowest
absorption peak is attributed to the higher-energy symmetnye have performed low-temperature single quantum dot
allowed transitionstype hole tastype electron). The latter  spectroscopy of corghell CIS/ZnS nanocrystals and revealed
transition, which was invoked to explain the large Stokes shifi®& subpopulations of particles with two distinct exciton
observed in CIS nanocrystals (such asBtypBs), may relaxation pathways. One class exhibits ultrabroad PL spectra
actually correspond to the second absorption peakddeiti  due to extrinsic self-trapping of the hole, which is assisted by
2.1 eV. Furthermore, the smooth and ultrabroad emission frogefects in imperfectly passivated QDs, while the other shows
single typ& QDs at liquid helium temperatures cannot beextremely sharp emission lines attributed to radiative
explained by the band-edge hole-level inversiort haodeb recombination of the band-edge exciton in well-passivated
here attributed to the radiative recombination of a delocaliz&dDs. Spectral and temporal signatures of the two lowest-
CB electron with a localized hole. energy long-lived optically active and inactive excitons are also

We now discuss the possible mechanisms for the emissiorunfeiled under magnetields and thermal mixing and give
typeB QDs, which are characterized by a broad line width anésights into the symmetries of the band-edge hole levels.
a multiexponential deca$l (Figure S17c and.dThe PL Further investigation will aim at modeling the exciten
broadening could result from multiple randomly located Cu structure in the view of a potential use in quantum optics and
related defects producing various energy levels in théngap. spin-state manipulation. Our spectroscopic study also provides
this case, the low-temperature emission line of a QD shouliitect evidence of the possibility to produce CIS-based type-
display sharp substructérehat are inconsistent with the QDs with room-temperature line widths comparable to those
observed large single-QD lines (2185 meV) with nearly  of the prototypical Cd- or Pb-based QDs. Further develop-
identical peak energies (1460.03 eV), as shown®i Figure ments will consist of implementing chemical strategies to
S10 Indeed, assuming a homogeneous substructure contril@liminate the defects in the CIS cores and thus improve the
tion of a few millielectronvolts for each défestich line fraction of typ& QDs. Possible routes will be based on the
widths imply that at least 30% of the unit cells would contaiwell-controlled synthesis of high-quality CIS cores, post-
Cu defects, which is ruled out given the stoichiometritreatment by thermal annealing, areituning of the alloying
characterization of the QDBidure ). Thus, our spectro- procedure prior to the overgrowth of shell materials. Another
scopic observations suggest that the emission frddQigse-  possibility is to explore shelling materials and procedures that
is due to the radiative recombination of a band-edge electrprevent the generation of intrabandgap defect levels caused by
with a self-trapped hdfe**° However, an intrinsic self- ion di usion. These developments would allow the synthesis of
trapping mechanisfcan be ruled out since it is absent in narrow-emitting CIS QDs for applications such as light
typeN QDs that represent a sigrant fraction of the QDs in  sources, high-color-aéion displays, and precise multiplexed
the sample. We infer that the nature of exciton self-trapping $ensing and labeling.
typeB QDs should be essentially extrinsic, i.e., defect-assisted.

Defect-assisted self-trapping of charge carriers holds that the
combined eects of a weak defect potential and the intrinsic Materials. We use copper(l) acetate (CuAc, 97%), indium acetate
self-induced lattice distortions may produce a localized excitm(Ac);, 99.99%), 1-dodecanethiol (DDB8%), trioctylphosphine
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(TOP, 99%), trioctylphosphine oxide (TOPO, 90%), 1-octadeceneounting avalanche photodiode and a spectrometer. The PL decay
(ODE, 90%), oleic acid (OA, 90%), zinc stearate (Zn{Sthnical measurements were performed with a conventional time-correlated
grade), poly(methyl methacrylate) (PMMA, avevigef 350 000), single-photon-counting setup using a pulsed laser source (optical
indocyanine green (United States Pharmacopeia Reference Standgrajametric oscillator at 561 nm, 200 fs pulse width) and a pulse picker
anhydrous toluene, methanol, butanol, and dimethyl sulfoxide reduce the repetition rate td00 kHz. To obtain the net signal
purchased from Sigma-Aldrich. TOPO, OA, and ODE were separatélgm single QDs, all PL measurements were corrected by subtracting
degassed at 12CQ under vacuum overnight prior to synthesis. the background.
Synthesis and Characterization of wz-CIS/ZnS QDs. The wz-

CIS/ZznS QDs were synthesized via multiple steps in a standarl
schlenkline according to previously reported procéduitessome *

modi cations. To start, CuAc (1 mmol, 0.126 g), TOPO (4.65 mmol, - - . .
1.834 g), and 10 mL of ODE were degassed 4C1fD 1 h. The The Supporting Information is available free of charge at

turbid solution was purged by &hd further heated to 21Q. At https://pubs.acs.org/doi/10.1021/acsnano.1c04909

160°C, 2.5 mL of DDT was swiftly injected into the solution, and the Characterization of the QDs, QD absorption spectra,

mixture was kept at 21G for 30 min before being naturally cooled room- and low-temperature PL spectra, example PL
to room temperature. The crude,GB nanocrystals were washed spectra and decays of ti®nd typeN CIS/ZnS single

twice by repeated precipitation using a mixture of isometric butanol QDs at 4 K; PL time traces of a single QD witbrent

and methanol, centrifuged at 2500 rpm for 15 min, and redispersed in excitation i'ntensities, histograms of PL peak intensities

anhydrous toluene. The dark brown (1 NC precipitates were . . ) .
nally dispersed in 5 mL of DDT and 5 mL of ODE and stored in a and line widths for tyg2QDs, spectral trail of a single

Supporting Information

glovebox for further use. In the meantime, 1g(8& mmol, 0.0584 typeN QD, e ect of prolonged intense laser excitation
g), TOP (0.2 mmol, 100L), and 2 mL of ODE were mixed and on single QDs, saturation plots of single Ny@#bs,
degassed at 12& for 1 h. The ask containing the ITOP estimation of the QD absorption cross section, optical
complex solution was thenlied with N, and maintained at 126 phonon modes, PL spectrum temperature dependence,
for the fast injection of the aforementioned 10 mL of thgSINCs and arelaxation schemes within the two-level system
solution. The mixture was vigorously stirred and kept 4 1@53 (PDP

h to ensure a complete reaction, then naturally cooled to room

temperature. The product CIS QDs were edriwice using the

same washing steps described above, then dispersed into 10 mL"of

DDT, sealed well, and stored in a glovebox for the overgrowth of ti@orresponding Author

ZnsS shell. Brahim Lounis LP2N, Universitde Bordeaux, Talence F-
In a typical ZnS shelling procedure, 2 mL of as-prepared CIS QDs 33405, France; LP2N, Instit@ptique and CNRS,

solution and 8 mL of DDT were loaded into a 100 mL three-neck  Tglence F-33405. Fran sercid.org/0000-0001-7501-
ask. The solution was degassed & &) 1 h and then purged by 0236 Email:brahir’n.lounis@u—bordeaux.fr

N,. At this temperature, a Zn stock solution made of Zi{(53)
mmol, 0.1897g) in 1 mL of TOP and 9 mL of ODE was slowlyaythors

injected into the CIS solution at a rate of 10 MLThe mixture was Chenghui Xia LP2N, Universitle Bordeaux, Talence F-
heated to 200C and kept at this temperature for 90 min before being 33405. France: LPéN Instit@pdique and éNRS

cooled to 120C. The solution was again degassed for 30 min and o
then heated to 220C under a N ow. Once the temperature Talence F-33405, Franzeycid.org/0000-0001-5087-

stabilized at 228C, a ZnS stock solution, which was prepared by 8,8_05 ) »

dissolving 4 mmol Zn($th 10 mL of OA, 10 mL of DDT, and 20 Philippe Tamarat LP2N, Universitle Bordeaux, Talence
mL of ODE, was injected into thesk at a rate of 2 mL*for 15 h F-33405, France; LP2N, Insti@ptgue and CNRS,

using a syringe pump. Afterward, the solution was annealed for Talence F-33405, France

another 3 h before being naturally cooled t&€8Uhe product QDs Lei Hou LP2N, Universitle Bordeaux, Talence F-33405,

were puried three times by the same washing procedures mentioned  France; LP2N, InstituOgtique and CNRS, Talence F-
above andnally dispersed in 4 mL of anhydrous toluene. 33405. France

Characterization. Samples for optical characterization (absorp- Serena Busatto Condensed Matter and Interfaces, Debye

tion and PL spectra) were prepared by dispersing the product CIS/ . . . ; .
ZnS QDs into 3 mL of anhydrous toluene in sealable quartz cuvettes Institute for Nanomaterials Science, Utrecht University, 3508

under N. The PL quantum yields were measured using indocyanine _ 1A Utrecht, The Netherlands
green in anhydrous dimethyl sulfoxide as a standard. Powder X-rayyohannes D. Meeldijk Electron Microscopy Utrecht, Debye

di raction patterns were collected using a C#ay source at Institute for Nanomaterials Science, Utrecht University, 3584
1.79026 A. For conventional and high-resolution TEM imaging, CH Utrecht, Netherlands
electron diraction, high-angle annular dakl-scanning TEM, and Celso de Mello DonegaCondensed Matter and Interfaces,

elemental mapping, the samples were diluted, drop-casted on a 200- Debye Institute for Nanomaterials Science, Utrecht

mesh copper grid, and dried under vacuum for 1 h. The elemental University, 3508 TA Utrecht, The Netherlands;
mapping measurements were performed over an acquisition time of orcid.oré/0000-0002-4403-,3627 '

15 20 min with no substantial carbon contamination build-up.
Low-Temperature Single-Dot Spectroscopy. For single QD Complete contact information is available at:
measurements, a dilute solution of CIS/ZnS QDs in toluene wadsttps://pubs.acs.org/10.1021/acsnano.1c04909
mixed with a 2 wt % solution of PMMA in toluene and then spin-
coated onto a clean sapphire coverslip with a rotation speed of 20Q8tes
rpm for 100 s. A home-built scanning confocal microscope based offge guthors declare no competingncial interest.
0.95 numerical aperture objective was placed in a cryostat and used to
image single QDs excited with the 561 nm line of a cw lasep,
Superconducting coils provided a magneld parallel to the . . .
objective axis, thus allowing magneto-optical studies in the Faradd@ warmly thank Alexander Efros for fruitful discussions and
con guration. The emitted photons weltered from the scattered comments. C.X. acknowledges the group of Condensed Matter
excitation light by a long-paster and sent to a single-photon- and Interfaces, Utrecht University for providing a platform for
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