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Photoluminescence properties of
nanocrystals: the critical role of surface’

AgInS,—-ZnS

Théo Chevallier?, Gilles Le Blevennec*“ and Frédéric Chandezon?®<4

AgInS,—ZnS (ZAIS) nanocrystals are very good candidates for easily synthesized, highly efficien.,
cadmium-free nano-phosphors. They can apply for the development of next generation white-LED
technologies taking advantage of their nanometric size. This paper describes the combined use
of time-resolved emission spectroscopy and photoluminescence quantum yield measurements t)
quantitatively compare the efficiency of each recombination pathway involved in the photolumines
cence of ZAIS nanocrystals. This approach, applied on nanocrystals of different size, compositic -
and surface chemistry revealed the critical role of surface effects. Moreover, we developed a ne..
type of surface passivation that increases the photoluminescence quantum yield of all nanocryz
tals compositions by 15 to 20%. This molecular surface passivation can be applied in replacement

or in addition to the already established ZnS shell passivation method.

1 Introduction

Recent advances in light emitting diodes (LED) led to the great
expansion of white-LED (W-LED) devices based on cerium doped
aluminum garnet (YAG:Ce) phosphor. Indeed, this phosphor ex-
hibit photoluminescence quantum yields (PLQY) of almost 100%
and very good stability regarding aging. On the other hand,
the economical stress on rare-earth based phosphors pushed re-
searchers toward highly absorbent semiconductor nanocrystals
that could take advantages of nano-optical phenomena.

Cadmium-based luminescent nanocrystals are extensively stud-
ied. Their PLQY generally reachs values above 50% in core/shell
nanostructures . A quantum yield of around 90% was even re-
ported int he case of an hybrid QLED structures®. Thanks to ex-
tensive research, the photoluminescence of quantum dots is pre-
cisely tuned by their size using quantum confinement. However,
their toxicity might prevent them from large scale industrial ap-
plication.
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Fig. 1 a) colloidal solutions of AgInS,—ZnS nanocrystals of different
compositions observed under UV illumination. b) Typical high resolution
TEM image of AgInS,—ZnS nanocrystals (X=0.7).

The first alternative to these materials is to use InP-based qua»
tum dots which can reach high quantum yield as well®. Due .o
the nature of the quantum confinement phenomenon, both these
materials require a precise control over the size of the synthe-
sized nanostructures. On the other hand, ternary and quaternary
semiconductors nanocrystals based on CulnS,, and AgInS,, are an-
other promising alternative for industrial applications* since they
do not have that requirement. Indeed, their photoluminescence
is easily controlled by their composition using their ability to cre-
ate solid solutions with zinc sulfide?, silver gallium sulfide®7 or
copper sulfide®. Additionally, their broad luminescence spectrum
makes them particularly suitable for the production W-LED de-
vices with a high color rendering index®10. Their low toxic-
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ity promoted their use in biological applications!~14 but ZAIS
nanocrystals were also applied in photocatalysis1°~17 | photode-
tection '8 and solar cells®1° applications.

Torimoto et al. first reported the photoluminescence of
AgInS,—ZnS (ZAIS) solid solutions nanocrystals from the near
infrared to green region?® in 2007. Since then, the origin of the
broad emission spectrum was shown to be the result of donor-
acceptor pair (DAP) recombinations originating from defect states
in the band gap?'=23. The same team later showed that a heat
treatment process and a ZnS shell can substantially increase the
quantum efficiency of ZAIS nanocrystals24.

We propose an innovative approach combining the use of time-
resolved emission spectroscopy (TRES) ans absolute photolumi-
nescence quantum yield measurements to construct and quanti-
tatively compare the emission spectra of each of the luminescence
mechanisms. A model is proposed to explain the photolumines-
cence line-shape of ZAIS nanocrystals. This analysis was carried
on nanocrystals of different size, composition and surface chem-
istry revealing the critical role played by the surface on the ef-
ficiency of these materials. A new surface passivation method,
more effective and additional to the classical ZnS shell growth,
is developed. Using a combination of surface-related improve-
ment strategies, absolute quantum yields of 60-70% and 80%
were reached for yellow and red emitting ZAIS nanocrystals re-
spectively.

2 Experimental methods

2.1 Synthesis of AgInS; — ZnS nanocrystals

The synthesis of AgInS,—ZnS nanocrystals was based on
the method proposed by Torimoto et al.?%. The precursor
(AgIn)xZn;_»x (S2CN(C,Hs),)4 was prepared by precipitation of
Ag(NO3), In(NO3)3 and Zn(NOs3), in stoichiometric proportions
with an aqueous solution of sodium diethyldithiocarbamate. Af-
ter washing the powder with water and methanol, 150 mg of the
dried precursor were heated at 180°C under argon atmosphere
for 30 min. Then, 8 ml of oleylamine were added and the mixture
was kept at 180°C during 3 min allowing for the nanocrystals to
disperse in oleylamine. Micrometric by-products of the synthesis
were eliminated by centrifugation of the solution at 9000 rpm for
10 min. An additional heat treatment process consisting of a 30
min heating of the nanocrystals at 180°C in oleylamine was per-
formed. Nanocrystals were purified from the excess oleylamine
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by flocculation and centrifugation in methanol. Finally, they were
dispersed in chloroform.

In an alternative process, the dried precursor was directly dis-
persed in oleylamine. The mixture was then heated up at 180°C
for 20 min under argon atmosphere. Purification and dispersion
methods were the same as the typical procedure described above.

As shown in figure 1.a), the optical properties of the nanocrys-
tals were primarily controlled by their composition via the com-
position of the used precursor, itself defined by the parameter X.
An X value of 1 indicates the absence of zinc in the structure while
an X value of 0 will induce the production of ZnS nanocrystals.
More details about the synthesis, size, photoluminescence quan-
tum yield and optical absorption of ZAIS nanocrystals are given
as supplementary informationt.

2.2 Growth of a ZnS shell

The growth of a ZnS shell onto ZAIS nanocrystals was performed
with the nanocrystals dispersed in oleylamine after removal of the
synthesis by-products. The dispersion was first heated at 140°C
under argon. Then, 15 mg of thioacetamide and 50 mg zinc ac-
etate, both dissolved in 2.5 ml of oleylamine, were added drop-
wise into the solution. The reaction was kept at 140°C for a to-
tal time of 5 min. After cooling down to room temperature, the
AgInS,—ZnS@ZnS core-shell nanocrystals were retrieved by floc-
culation in methanol and dispersed in chloroform.

2.3 Surface passivation of
AgInS, —ZnS@ZnS nanocrystals

AgInS,—ZnS and

The organic surface passivation of AgInS,—ZnS and
AgInS,—ZnS@ZnS was performed by adsorbing phosphine-
related molecules (typically trioctylphosphine) onto the
nanocrystals surface.  Typically, 5 pL of trioctylphosphine
(TOP) were added to the colloidal solution of nanocrystals in
chloroform. A blue-shift and an intensity increase of the photolu-
minescence spectrum of the colloidal solution are observed. The
strong affinity of the phosphine moiety for the ZAIS nanocrystals
surface makes the process completed in less than a minute at
room temperature. Another proof of the affinity of phosphine-
related molecules for the nanocrystals surface is the fact that they
can change the nanocrystals colloidal stability. Indeed, the use
of small phosphine-related molecules like tributylphosphine or
tris(dimethylamino)phosphine quickly destabilizes the colloidal
solution in chloroform due to the weaker stabilization they offer
compared to oleylamine.

2.4 Characterization techniques

Absolute photoluminescence quantum yield (PLQY) and dif-
fuse absorption spectra of ZAIS nanocrystals colloidal solutions
were measured with a Hamamatsu absolute PL quantum yield

This journal is © The Royal Society of Chemistry [year]
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spectrometer equipped with an integrating sphere (Quantaurus-
QY C11347). Time-resolved emission spectroscopy (TRES) ex-
periments were performed on a Horiba Jobin-Yvon fluorolog-
3 spectrometer using a Horiba nanoLED-350 excitation source
(Aexer =350 nm, pulse time <1.0 ns). The decay signals were
recorded for times between 0 and 7.2 us and integrated until the
maximum intensity reached 10°counts. A blank measurement al-
lowed for the estimation of the error on the intensity signal.

3 Results and discussion

3.1 Band gap tailing in AgInS,—ZnS nanocrystals.

Using a dedicated absolute quantum yield spectrometer, the pho-
toluminescence quantum yield and diffuse absorption of col-
loidal solutions of ZAIS nanocrystals were measured for excita-
tion wavelengths between 350 nm and 800 nm. For each excita-
tion wavelength, the diffuse absorption of the colloidal solution
is measured and therefore a diffuse absorption spectrum is con-
structed. In the range of sizes and compositions tested in this
study, the absorption spectra do not change with respect to the
size of the nanocrystals and do not exhibit any excitonic peak,
even for narrow size distributions. Quantum confinement there-
fore does not have any effect on the electronic properties for these
sizes and compositions. As already established by Mao et al. 2>,
the band gap can be determined using the Tauc law for the band
edge absorption of a direct band gap semiconductor26-27:

(A.hv) o< (hvag)'/2 for hv>E,

Where A is the measured diffuse absorption, Av is the energy of
the absorbed photons and E, is the optical band gap of the mate-
rialf.

In the case of highly disordered semiconductors, the absorption
of photons with energies below the band gap of the material is not
negligible. This phenomenon, originating from band gap fluctua-
tions and defects in the crystal structure, is known as "band gap
tailing" and is usually modeled, as first proposed by Urbach et al.,
by the following exponential law 28,

hv
AK]Og(W) for hv <E,
u

The slope of the log(A) vs v curve (for hv < Eg) corresponds to
the inverse of an energy E4* known as the Urbach energy. A high
value of E2%* indicates the presence of large structural disorder in
the material 2930,

In an effort to understand the parameters influencing the pho-
toluminescence efficiency of ZAIS nanocrystals, we first repro-
duced the synthesis protocol proposed by Torimoto et al.. As de-
scribed in section 2.1, nanocrystals were synthesized with differ-
ent composition of starting precursor (X) and underwent a heat
treatment process at 180°C for 30 min. The figure 2 presents the
photoluminescence quantum yields and Urbach energies for ZAIS
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nanocrystals of different compositions, before and after the heat
treatment process.
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Fig. 2 Photoluminescence quantum yield (PLQY) of AgInS,—ZnS
(ZAIS) nanocrystals of different composition before and after heat
treatment as a function of their Urbach energy. The composition
parameter X is indicated for each point.

In the case of ZAIS nanocrystals synthesized with precurso. .
of composition X between 0.4 and 0.9, Urbach energies be:
tween 100 meV and 400 meV were measured. Heat treatmen-
of nanocrystals always resulted in a decrease of the Urbach en-
ergy associated with an increase of the PLQY. This indicates tha-
the efficiency of ZAIS nanocrystals is hindered by disorder in th<
structure which is partially reduced by the heat treatment pro-
cess24. More interestingly, ZAIS nanocrystals of all tested com-
positions, before or after heat treatment, lie on the same PLQY
vs E, trend curve. This indicates that the evolution of the PLQY
of ZAIS nanocrystals with respect to their composition is primar-
ily due to the evolution of the disorder that these compositions
induce. Indeed, tetragonal chalcopyrite structures are known tc
accept important off-stoichiometry.

3.2 Carriers dynamics in ZAIS nanocrystals
In order to differentiate the electronic processes involved in their
photoluminescence, the kinetics of ZAIS nanocrystals lumines-
cence were studied using time-resolved emission spectroscopy
(TRES). In previous studies 2531 the time-resolved intensity sig-
nals were fitted with a double-exponential function leading to the
assignment of two radiative recombinations pathways associated
with donor-acceptor pair (DAP) recombinations from surface and
core states respectively.

The quality of a given fitting model is assessed by the visu-
alization of the residual plots and the value of the reduced y2,
noted x?e ¢ (details in the ESIf). In practice , sze 4 values between

1-10 | 3
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Fig. 3 Example of TRES signals recorded at 5 different wavelengths of
the emission spectrum of ZAIS nanocrystals (X=0.7) fitted with a
3-exponential function.

0.9 and 1.1 are generally accepted to confirm the relevance of a
given fitting model 32,

TRES measurements were performed on ZAIS nanocrystals
with composition ranging from X=0.4 to X=0.9 and for emis-
sion wavelengths across their emission spectra. All TRES signals
were recorded with a 350 nm excitation wavelength since it cor-
responds to a photon energy above the band gap of all tested
compositions. An example of TRES signals recorded for several
emission wavelengths is showed in figure 3. Representations in
the log-log scale as well as residual plots are presented as supple-
mentary informations. The values of sze 4 obtained with different
fitting models are shown in table 1 along with the probability
P(sze ;) that such sze 4 can be obtained because of random errors.
It is usually accepted that a model must be rejected if the value of
P is smaller than 0.0532.

fitting model X P(x2)
single-exponential 10.0 +1.87 P << 0.001
double-exponential 1.56 + 0.15 P < 0.001
triple-exponential 1.06 + 0.02 0.1 <P<0.2
quadruple-exponential  1.01 + 0.02 04<P<05
stretched exponential ~ 1.19 £ 0.12 0.02 <P < 0.05

Table 1 2, values obtained with five different models applied on TRES
signals recorded for 10 emission wavelengths of ZAIS nanocrystals of
composition X=0.4, 0.7 and 0.9 . The probability P(x2,,) that such x2,,

value is obtained because of random errors is also presented 3.

When using a double-exponential fitting function, we find that
residual plots exhibit large oscillations showing the poor quality
of the obtained fit. Moreover, the obtained xfe 4 values indicate

that there is less than a 0.1% chance that the spread of the resid-
uals can be asigned to random error. This model must there-
fore be rejected. The same observation was made when using
a stretched-exponential decay function. Only some of the TRES
signals could be satisfactorily explained using this model.

A three-exponential fitting function, however, gives values of
xrzgd between 1 and 1.1 for all tested compositions and emission
wavelengths. Although a quadruple-exponential fit gives xfe 4 val-
ues closer to the ideal value of 1, this improvement is not suf-
ficient to conclude that the added contribution has any physical
meaning. Moreover, the fourth contribution added by this model
usually represents a negligible part (<1 %) of the total steady-
state emission. Therefore, a triple-exponential fit was used for
the analysis of the TRES signals recorded with ZAIS nanocrystals.

Fitting the measured TRES signals with the triple-exponential
model,

It A) =Ar.e /M 4 Aye /® L As.e /™ 4y, (1)

we determine the photoluminescence lifetimes of each recombi-
nation pathway. The proportion of the steady-state photolumines-
cence intensity produced by a give contribution is also calculated
with the formula :

_ fA,‘.eft/T"dt A
f[(t,l)dt Z‘/‘Ajfj

%i(7) 2

The figure 4 represents the obtained values for the fluorescence
lifetimes and proportions of each contribution in ZAIS nanocrys-
tals of composition X=0.7.

These observations are supported by the work of Komarala et
al. who found the same behavior for CulnS,-ZnS nanocrystals
with similar luminescence properties and structure3#. Using the
order of magnitude of the measured lifetimes, Komarala et al.
assigned the fastest component (~50 ns) to intrinsic radiative
recombinations of surface states and the two other components
(~250 ns and ~500 ns) to donor-acceptor pairs recombinations
involving surface (DAP;,,r) and core (DAP..r.) states respectively.
This interpretation completes the interpretation given by Mao
et al. based on both TRES and time resolved absorption spec-
troscopy of AgInS, nanocrystals 25, A representation of these ra-
diative recombination pathways is presented in figure 5. Such
interpretation must however be supported by direct experimental
data to prove de distinction between core and surface recombina-
tion pathways. This is the purpose of the experiments concerning
surface modification and size presented in sections 3.4 and 3.5.

In the case of donor acceptor-pair recombinations, the wave-
length of the emitted photon resulting from the recombination
between carriers in localized donor and acceptor states separated

Page 4 of 10
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Fig. 4 Example of a) Fluorescence lifetimes and b) proportion of each recombination pathway for emission wavelengths across the emission

spectrum of ZAIS nanocrystals (here with X=0.7).

E
Eq =
u Donor states
& o S
2 2 B
o] [\V]
= SR &
E s N =) E
ISl 1 OB %
B " N =
Core Surface
Acceptor states
Ea

Fig. 5 Photoluminescence mechanisms in AginS,-ZnS nanocrystals.

from a distance d in the crystal lattice is :

2
hv:ngEdeﬁ;—d (3)
Where E, is the band gap of the semiconductor, E, and E, are the
energy of the acceptor and donor states and € is the permittivity
of the material.

Recombinations from distant pairs, leading to the emission of
lower energy photons, have a lower probability to occur in a given
time than close donor-acceptor pairs. The luminescence lifetime
associated with DAP recombinations therefore exponentially in-

This journal is © The Royal Society of Chemistry [year]

creases with the emission wavelength%-3®, This effect was clearly
observed on all tested ZAIS nanocrystals when performing TRES
measurement at different emission wavelengths (see figures 2
and 4.a).

3.3 Photoluminescence line-shape of each emission contri
bution

In order to observe the evolution of the efficiency of each recom-
bination pathway, we combined the TRES analysis with absolutc:
photoluminescence quantum yield (PLQY) measurements. Tlie
photoluminescence quantum yield allows for the quantitative rep-
resentation of the steady-state emission spectrum. Indeed, after
representing the measured steady-state emission spectrum in the
energy space using the appropriate Jacobian transformation 37,
we can normalize the spectrum so that its integral corresponds tc
the measured PLQY. We therefore effectively created a spectrun:
representing the probability distribution of emission of photou
from the absorption of an exciting photon.

For each wavelength of this steady-state emission spectrum,
the TRES analysis presented in section 3.2 allows for the de-
termination of the fraction %; of the intensity corresponding to
a given contribution "i". Therefore, a quantitative value of the
steady-state intensity related to a given recombination pathway
can be calculated multiplying the total intensity /(1) by this pro-
portion %;(4). By repeating the TRES analysis on several emis-
sion wavelengths across the global steady-state emission spec-
trum, the steady-state emission spectra of each contribution are
reconstructed. An example of this analysis is presented in figure
6a. Details about this combined use of PLQY and TRES measure-

Journal Name, [year], [vol.], 1-10 |5
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Fig. 6 Example of a combined TRES and PLQY analysis on ZAIS nanocrystals synthesized with a precursor of composition X=0.7. a) Measured
steady-state PL spectrum (ly..y—sae) @nd constructed steady-state PL spectra of each contribution (I;). b) Normalized photoluminescence spectra of
each contribution c) Schematic of the model used to fit the photoluminescence line-shape of each contribution’s spectrum

ments are presented as supplementary informationft.

Having constructed the emission spectra of each of the three
emission contributions, we examined these experimental data
with theoretical interpretation of photoluminescence line-shape.
We found that only the model originally proposed by Ozaki et
al. for the interpretation of the photoluminescence spectra of
AgInSe, 38, CdGaTe,3 and ZnIn,Te,*° best fits our data for
AgInS,—ZnS nanocrystals. This model interprets the spectrum
as the convolution product of an exponential and a gaussian
functions modeling the density of states of involved donors and
acceptors states respectively. The obtained line-shape therefore
corresponds to a exponentially-modified gaussian function. The
asymmetry and width of this line-shape are respectively linked to
the extent of the exponential tail (donor states) and width of the
gaussian function (acceptor states) it originates from. The asym-
metry of the function has therefore a similar signification as the
Urbach energy except that it only considers donor states that are
involved in the luminescence process. Both EFL and E/%* are, in
the case of ZAIS nanocrystals, an indirect assessment of the struc-
tural disorder. A higher value of EFL (i.e. a greater asymmetry)
should therefore indicate a lower efficient for the studied lumi-
nescent process.

Fitting parameter DAPg, ¢ DAPcore
EIT (meV) 125 + 7 200+ 20
AE (eV) 2.18+£0.01 2.19+0.01
FWHM (meV) 338 £ 10 342 £ 10

Table 2 Example of values of the Urbach energy for donor states (E,),
energy position (AE) and spread (FWHM) of donor states obtained for
the two DAP recombination processes in ZAIS nanocrystals (X=0.7).

An exponentially-modified gaussian function was fitted to each
spectra corresponding to a particular recombination pathway us-

ing a least squares fitting method. Errors on the intensity of these
spectra, mostly originating from the error over the %; values,
were taken into account in the fitting process in order to esti-
mate the error on the obtained fitting parameters. The Urbach
energy obtained via absorption measurements was found to have
a similar value as the characteristic energy (E,f Ly of the donor
states tail involved in the core recombinations (DAP.,y.). An ex-
ample of values obtained with this fitting method on the DAPy, ¢
and DAP,,. contributions is given in table 2. As expected by the
more asymmetric line-shape of the DAP,,,, contribution spectrum
(see figure 6.b), the value of E,f L associated with donor states is
found to be always larger for the DAP,.,. contribution than for
the DAP,,, s contribution. This is also consistent with the fact that
surface donor states are, on average, located closer to the con-
duction band than core donor states as proposed by Mao et al. 2°.
These results suggest that surface DAP recombinations are more
efficient than core ones. This is reinforced by the fact that about
65% of the total steady-state photoluminescence originates from
surface recombination processes while, for this size of nanocrys-
tals, only 30-40% of the atoms are surface atoms. A more direct
proof of the better efficiency of surface recombinations will be
presented in section 3.5.

The energy distribution of acceptor states, also inferred from
the fitting parameters, was found to be the same for both DAP
recombination pathways. This suggests that both processes prob-
ably involve similar acceptor states. Although it is not possible
to conclude on the validity of our fit for the surface states contri-
bution spectrum (Defs,, r) due to larger measurement errors, it
is clear from the figure 6.b that this contribution is blue-shifted
from the two others. This is consistent with our attribution of
this process to the recombination of carriers from the conduc-
tion band to the donor states. These observations were repeated
on nanocrystals synthesized with precursors compositions X=0.4,
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Fig. 7 Effect of the surface passivation by trioctylphosphine on each component of the steady-state emission for ZAIS nanocrystals (here with X=0.5)

0.7 and 0.9.

We conclude , as depicted in figure 5 , that the photolumines-
cence of ZAIS nanocrystals is the result of three recombinations
pathways involving either surface or core donor states. The emis-
sion originating from surface states was found to be more efficient
as revealed by its less asymetric shape and large contribution to
the total emission. In the next part, we will further examine the
validity of these interpretations by changing the extent and na-
ture of the ZAIS nanocrystals surface. New strategies to improve
the photoluminescence quantum yield of ZAIS nanocrystals will
be presented and explained in the light of the results presented
above.

3.4 The effect of surface passivation.

Surface passivation is known to increase the photoluminescence
Torimoto
et al.were the first to apply this technique on ZAIS nanocrys-
tals. By growing a ZnS shell onto ZAIS nanocrystals, they ob-
served a substantial increase of the photoluminescence quantum
yield which they assigned to the passivation of non-radiative sur-
face defects®*. Due to the great crystalline structure similarity
between cubic ZnS and tetragonal AgInS,, the ZnS shell easily
grows in an epitaxial manner onto the ZAIS nanocrystals surface.
However, this similarity also induces a large tendency of ZnS to
diffuse into the ZAIS core structure thus modifying the compo-
sition, electronic structure and photoluminescence properties of
the nanocrystals#!. In order to minimize this diffusion, the syn-
thesis of the shell must be performed at low temperatures and for
a short period of time.

quantum yield of various luminescent nanocrystals.

Alternatively, we found that a significant increase of the pho-

This journal is © The Royal Society of Chemistry [year]

toluminescence quantum yield of ZAIS nanocrystals can be o.
tained when performing a ligand exchange between oleylamir..
and phosphine-related molecules. It is well known that the choice
of capping agent and solvent greatly affects the efficiency of semi-
conductor nanocrystals*2. However, to the best of our knowl:
edge, this is the first time that phosphine-related molecules are
found to greatly enhance the photoluminescence quantum yielc
of ternary or quaternary semiconductor nanocrystals. Upon addi
tion of trioctylphosphine, the PLQY of ZAIS nanocrystals synthe-
sized with a precursor composition X=0.5 increases from 35% to
49%. The PLQY increases from 48% to 58% for yellow-emittine,
(X=0.7) nanocrystals and from 63% to 78% for red-emittir.,
(x=0.9) nanocrystals. This photoluminescence increase is ob
served for the three contributions and is associated with the in
crease of their photoluminescence lifetimes. This simultaneou.
increase of fluorescence lifetimes and quantum yield indicate:
that this improvement is due to the passivation of non-radiativc
recombination pathways. Since trioctylphosphine, unlike a Znf
shell, cannot affect the nanocrystals core composition, we cé..
consider this effect to be purely related to surface phenomena.
Trioctylphosphine is indeed known to efficiently bond to sulfur
surface sites*3.

Moreover, as shown in figure 7, the photoluminescence ef-
ficiency increase was found to be much larger for the surface
contributions (~ +110%) than for the DAP,,, contribution (~
+35%). This confirms our attribution of the recombination pro-
cesses presented in figure 5. The fact that core emission is also
increased via surface passivation can be explained by the diffusion
of carriers between the core and the surface of the nanocrystals.
The decrease of the total recombination rate on the surface in-
creases the probability that carriers diffuse and relax in the core

Journal Name, [year], [vol.], 1-10 |7



of the structure.

Several tests performed with different phosphine-related
molecules showed that a better passivation is obtained with
molecules that have both an electron-rich phosphorus atom due
to electron donating groups and small steric effects to be able
to readily adsorb onto the nanocrystals surface. The greatest ef-
fect was obtained with tributylphosphine (+ ~ 20%). However,
this ligand offers poor stabilization of the nanocrystals in chlo-
roform compared to trioctylphosphine or oleylamine. This limits
the practical use of this molecule as a passivating ligand.

When growing a ZnS shell onto ZAIS nanocrystals, the added
effect of zinc diffusion can be observed on the emission spectrum
of the core contribution. Indeed, the incorporation of zinc into
the structure induces an increase of the disorder (E,) and there-
fore a decrease of the efficiency. This effect mitigates the benefits
of the surface passivation created by the ZnS shell. A combina-
tion of ZnS and phosphine passivation can also be used in order
to increase even more the global efficiency of the nanocrystals. As
an example, the absolute quantum yield of nanocrystals of com-
position X=0.7, emitting in the yellow spectral region, increased
from 33% to 50% upon addition of trioctylphosphine. The ZnS
shell only increases the quantum yield of these nanocrystals to a
value of 42%. The combination on a ZnS shell and trioctylphos-
phine gives quantum yields of 60%. The same behavior was ob-
served on ZAIS nanocrystals with other compositions (X=0.4 and
X=0.9).

3.5 The effect of surface/volume ratio.

Another direct way to observe the effect of surface on optical
properties of ZAIS nanocrystals is to compare nanocrystals of dif-
ferent sizes. Using the alternative synthesis method described in
section 2.1, we found that the size of the synthesized nanocrys-
tals increases with the reaction time. On the other hand, the band
gap and Urbach energy do not change during the reaction. This
indicates that longer reaction times do not affect the composition
nor the disorder in the nanocrystals.

Photoluminescence quantum yield measurements performed
on ZAIS nanocrystals of different sizes showed that the global
photoluminescence quantum yield of ZAIS nanocrystals decreases
as their size increases. Moreover, as shown in figure 8, the de-
crease of PLQY is accompanied by a decrease of the fraction of
Therefore, the
global efficiency of ZAIS nanocrystals is controlled by their sur-
face/volume ratio. Higher surface/volume ratios exhibit a larger
contribution of the more efficient surface recombination pro-
cesses thus increasing the overall quantum yield. This effect is
however limited by the fact that smaller nanocrystals are not very
stable in chloroform. The aggregation of 5.8 nm nanocrystals
induce a decrease of the PLQY due to self-quenching of their flu-
orescence (see figure 8). Nonetheless, these observations are an-

photons emitted from surface recombinations.
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Fig. 8 PLQY and proportion of surface emission as a function of the
mean size of ZAIS nanocrystals (X=0.7).

other proof of the correct attribution of the different recombina-
tion processes to either core or surface phenomena. They are con-
sistent with the fact that highly efficient luminescent quaternary

nanocrystals are usually obtained with sizes below 3 nm*4.

It should be noted that for ultra-small nanocrystals, quantum
confinement will eventually modify the electronic states involved
in the photoluminescence processes. This effect is already visi-
ble for AgInS, nanocrystals (X=1) since the exciton Bohr radius
in this material is estimated to be around 5.5 nm“°. However,
nanocrystals with compositions containing zinc do not exhibit
quantum confinement in the range of sizes we tested.

4 Conclusion

The time-resolved emission spectroscopy analysis of AgInS,-ZnS
nanocrystals revealed the existence of three radiative recombi-
nations pathways which could be related to surface and core
states. By combining this analysis with photoluminescence quan-
tum yield measurements, we could compare the emission prob-
ability of each of the three contributions in nanocrystals of dif-
ferent composition, size and surface chemistry. Radiative re-
combinations involving surface states appear to be more efficient
than those involving core states. Lowering the average size of
AgInS,—ZnS nanocrystals therefore increases their global photo-
luminescence quantum yield.

A very easy surface passivation method involving the ligand
exchange of oleylamine with phosphine-related molecules was
developed and showed better results than a ZnS encapsulation.
Both these methods act by passivating non-radiative surface de-
fects. They can be used together to give unprecedented quantum
yields to AgInS,-ZnS nanocrystals.
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