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Ternary luminescent copper and silver indium sulfide quantum dots (QDs) can be an attractive alternative to
cadmium and lead chalcogenide QDs. The optical properties of Cu-In-S and Ag—In-S (AIS) QDs vary over
a broad range depending on the QD composition and size. The implementation of ternary QDs as emitters
in bio-sensing applications can be boosted by the development of mild and reproducible syntheses directly
in aqueous solutions as well as the methods of shifting the photoluminescence (PL) bands of such QDs as
far as possible into the near IR spectral range. In the present work, the copper-doping of aqueous non-
stoichiometric AIS QDs was found to result in a red shift of the PL band maximum from around 630 nm
to ~780 nm and PL quenching. The deposition of a ZnS shell results in PL intensity recovery with the
highest quantum yield of 15%, with almost not change in the PL band position, opposite to the undoped
AIS QDs. Size-selective precipitation using 2-propanol as a non-solvent allows discrimination of up to 9
fractions of Cu-doped AIS/ZnS QDs with the average sizes in the fractions varying from around 3 to
2 nm and smaller and with reasonably the same composition irrespective of the QD size. The decrease
of the average QD size results in a blue PL shift yielding a series of bright luminophors with the emission
color varies from deep-red to bluish-green and the PL efficiency increases from 11% for the first fraction
to up to 58% for the smallest Cu-doped AIS/ZnS QDs. The rate constant of the radiative recombination
of the size-selected Cu-doped AIS/ZnS QDs revealed a steady growth with the QD size decrease as
a result of the size-dependent enhancement of the spatial exciton confinement. The copper doping was
found to result in an enhancement of the photoelectrochemical activity of CAIS/ZnS QDs introduced as
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Introduction a broad variation of spectral, photophysical, and photochemical

properties of such QDs by tailoring their size at a constant
Metal chalcogenide nanocrystals with a size smaller than the chemical composition. These properties of the metal-
doubled Bohr exciton radius, or quantum dots (QDs), reveal in  chalcogenide QDs might be introduced into a variety of light-
many cases a unique combination of intense light absorbance, harvesting and light-emitting applications, in particular, into
photoluminescence (PL) emission with high quantum yields photovoltaics, luminescent bio-labeling, light-emitting diodes,
(QYs), and a strong dependence of the bandgap (E,) and the light detectors and concentrators, etc.'” Typically, the research
energies of the charge carriers on the QD size. This allows for ~on metal-chalcogenide QDs is focused on cadmium (CdX, X =,
Se, Te) and lead chalcogenides (PbX) capable of intense light
absorption in the visible (CdX) and near-infrared (PbX) ranges
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respectively”**'* and being well suited for solar light harvest-
ing. Also, CIS and AIS QDs can emit strong PL with the spectral
parameters broadly varying with the CIS/AIS QD composition,
size, doping, etc.”®* ™ Such ternary compounds revealed
a number of quite unique properties differing drastically from
those of the binary CdX/PbX compounds, in particular, the
immensely broad deviations from the stoichiometry while
preserving the crystal lattice symmetry and quality, the capa-
bility to form a plethora of solid solutions via a partial substi-
tution of sulfur with Se or Te, In - with Ga, and by alloying CIS
(AIS) with ZnS, as well as the lattice preservation at a heavy
doping with “alien” metal cations.”®® These special features
open many options for tailoring the band structure of the
ternary compounds with related consequences as to the spectral
sensitivity range, the charge carriers energies, the conductivity
and the carrier mobility, etc., which are unattainable for the
binary compounds. This unprecedented variability of properties
becomes even broader in the nanometer crystal size range,
where size dependences of the electronic properties become
expressed distinctly.***

Typically, the CIS (AIS) QDs are produced by “classic” heating
up/hot injection approaches, developed in detail for CdX/PbX
QDs, when the nucleation and ripening of the QDs occur in
the high-boiling solvents playing simultaneously the role of
capping ligands (such as trioctylphosphine oxide or oleylamine)
or/and as sulfur source (1-dodecanethiol)."**'"** These
methods allow for a precise control over the QD size, size
distribution and phase composition. However, many applica-
tions favor (like e.g. photovoltaics) or even demand (e.g. lumi-
nescent bio-labeling) the post-synthesis transfer of CIS (AIS)
QDs into water. Conventionally, the transfer is performed by
introducing bifunctional molecules, such as mercaptoacids,
simultaneously being capable to bind strongly to the QD surface
via the mercapto-group and to stabilize the QDs in water via the
deprotonation of the carboxyl group providing an electrostatic
shield against inter-particle interactions.>*7*716:22

To avoid such a two-step synthetic procedure and make the
total synthesis more environmentally friendly the approaches to
the synthesis of CIS (AIS) QDs directly in aqueous solutions have
received recently an ever-growing attention.*>*'**¢ The
research in this area has already yielded synthetic protocols for
the preparation of strongly absorbing QD “inks” for the utili-
zation as light-harvesting components of solar cells. However,
the PL QYs of CIS (AIS) QDs produced directly in water still
remain low and a further exploration is needed to improve the
control over the QD size, surface chemistry and lattice perfec-
tion in aqueous syntheses of ternary QDs.

Recently we have reported on the aqueous synthesis and size
selection of brightly luminescent AIS and core/shell AIS/ZnS
QDs stabilized by mercaptoacetate (MA) anions.>” The size-
selected AIS/ZnS QDs emit light with relatively high QYs of
45-46% for the best fractions, however, the spectral PL range is
limited to around 700 nm (in terms of the PL band maximum
position).

At the same time, many applications, such as light-emitting
devices and luminescent bio-sensing in the first transparency
window of the human skin require luminophors emitting in the
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near IR range. To extend the spectral range of the emission
doping with Cu or alloying between AIS and CIS is proposed
frequently.***>*®* Cu doping was also found to be an efficient
method of improving the charge carrier mobility in metal-
chalcogenide QDs, in particular in AIS QDs, making them more
efficient light harvesters in third-generation solar cells.”*
Incorporation of copper ions into alloyed ZnS-In,S; (ref. 32 and
33) and Zn-In-Se* nanocrystals was found to result in a spec-
tacular enhancement of the photocatalytic properties and PL
efficiency, respectively. Cu doping of AIS and AIS/ZnS QDs
synthesized by the heating-up method results in a shift of the
emission to lower energies and was used to produce efficient
luminescent markers for the imaging of tumor cells.”**

In the present paper we summarize our studies on Cu-doped
AIS (CAIS) and CAIS/ZnS QDs synthesized in aqueous solutions
and subjected to post-synthetic size selection. Our results
indicate that the Cu doping is an attractive method for tailoring
the PL range allowing to shift the PL band down to 800 nm and
still have a reasonably high PL QY. The size selection was found
to be a potent tool of influencing both the spectral PL param-
eters and the PL efficiency, yielding CAIS/ZnS QDs with PL QYs
reaching almost 60%.

Materials and methods
Chemicals

Indium(m) chloride, silver and copper(u) nitrates, zinc(u) acetate
dihydrate, Na,S-9H,0, NH,OH (aqueous 5.0 M solution), mer-
captoacetic acid (MAA), 2-propanol were purchased from Sigma-
Aldrich and Acros Organics and used without additional
purification. All the solutions were prepared using deionized
(DI) Milli-Q water (Millipore).

Synthesis and size-selective precipitation of QDs

Aqueous colloidal solutions of AIS and CAIS QDs were prepared
by a reaction between sodium sulfide and a mixture of silver(i)
or silver(i) + copper(i) and indium(m) MA complexes similarly to
our other reports.>”*® In a typical synthesis, the feed molar ratio
of silver to indium to sulfur, Ag:In:S, was adjusted to
2:7:10. 2.0 mL aqueous 0.1 M AgNO; solution, an aliquot
(for example, 0.2 mL) of aqueous 0.1 M Cu(NOj3), solution, and
2 mL aqueous 1.0 M MAA solution were added to 94 mL water
under magnetic stirring and ambient conditions. The resulting
turbid yellowish suspension becomes transparent after the
addition of 0.45 mL aqueous 5.0 M NH,OH solution and
colorless - after the addition of 0.7 mL aqueous 1.0 M InCl;
solution containing 0.2 M HNO;. Then, 1.0 mL aqueous 1.0 M
Na,S solution was added at stirring and the resulting solution
heated in a water bath at 90-95 °C for 30 min. The CAIS QDs
were covered with a ZnS shell via the decomposition of Zn"-MA
complex. For this, 2.0 mL aqueous 1.0 M MAA solution, 2.5 mL
aqueous 1.0 M Zn(CH;COO), solution (with 0.01 M HNOj), and
0.3 mL aqueous 5 M NH,OH solution were added at intense
stirring to 100 mL of the core QD solution and the mixture was
additionally heated for 30 min.

RSC Adlv., 2018, 8, 7550-7557 | 7551
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The as-prepared CAIS/ZnS QD colloids were concentrated by
a factor of ~10 on a rotary evaporator at around 40 °C and
denoted further as “crude” colloids. In a typical size-selection
procedure, to 10 mL of crude colloids 2.5 mL of 2-propanol
were added to initiate aggregation of the QDs with subsequent
centrifugation at 4500 rpm for 5 min. The precipitate was
separated and designated further as fraction #1. This procedure
was repeated several times with fresh amounts (0.5 mL for each
fraction) of 2-propanol producing fractions #2-9 till the
complete exhaustion of QDs in the original crude colloid.
Further details of the size-selective precipitation can be found
in ref. 27. The collected precipitates #1-9 were each separately
dissolved in 1 mL of Milli-Q water and stored in the dark at
room temperature. For absorption and PL measurements the
fractionated solutions were diluted by a factor of 10-500
(depending on the fraction number) by Milli-Q water.

Characterization

Absorption and PL spectra were recorded using a UV-vis spec-
trophotometer Cary 60 and a fluorescence spectrometer Fluo-
romax 4, respectively, in standard 10.0 mm optical quartz
cuvettes. The PL was excited at A = 420 nm. The PL spectra were
normalized to the optical density of the solutions at the exci-
tation wavelength.

The PL QY was determined using AIS/ZnS QDs as a lumi-
nescence standard with an absolute QY of 37% measured using
a Fluorolog 3 spectrometer equipped with a Quanta ¢ inte-
grating setup.'® The kinetic curves of the PL decays were
registered for CAIS/ZnS colloids using a Horiba Jobin Yvon
Fluorocube-01-NL. The samples were placed in a 10.0 mm
quartz optical cuvette and excited with a 350 nm pulse of
a NanoLED-350 diode (Horiba Jobin Yvon).

Details on the investigations by X-ray photoelectron spec-
troscopy (XPS), X-ray diffraction and Raman spectroscopy are
provided in (ESIY).

The photoelectrochemical measurements were performed in
a three-electrode cell with FTO/TiO,/QD heterostructures as
photoanodes, a Pt counter-electrode, and an Ag/AgCl reference
electrode. The details of the photoanode preparation and
measurements are presented elsewhere.?”

Results and discussion
Characterization of CAIS and CAIS/ZnS QDs

Colloidal CAIS and CAIS/ZnS QDs are characterized by an
average hydrodynamic size of ~4 nm and ~4.2 nm, respectively
(ESI, Fig. S17), with no larger formations present indicating the
individual character of each QD in the colloidal ensemble.

The undoped AIS QDs (prepared at Ag:In:S = 1:7:10)
exhibit a broad PL band centered at 630 nm (1.97 eV) with
a Stokes shift of about 0.4 eV and a spectral width of ~0.35 eV
(Fig. 1a and b, curves 1). An increase in the silver content to
Ag:In:S = 2:7:10 results in a red shift of the PL band
maximum to around 700 nm (Fig. 2a, curve 1).

As the copper ions are introduced to AIS QDs the PL band
shifts to longer wavelengths and gradually loses in intensity
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Fig. 1 Original (a) and normalized (b) PL spectra of crude colloids of
undoped AIS QDs (curve 1) and CAIS QDs prepared at Cu: Ag=0.2:1
(curve 2), 0.3:1 (curve 3), 0.6 :1 (curve 4), 0.7:1 (curve 5), 0.8:1
(curve 6), and 1 : 1 (curve 7). (c) Maximum position (blue squares) and
spectral width (red circles) of the PL band of CAIS/ZnS QDs produced
at a different Cu : Agratio. Ag:In:S=1:7:10.

(Fig. 1a). Both the red shift and the PL decrease are proportional
to the molar Cu : Ag ratio set at the synthesis. An XPS study (see
more details on XPS measurements below) of two selected
samples, corresponding to Cu : Ag = 1:10 and 5 : 10, showed
that CAIS QDs purified by the precipitation with 2-propanol and
redispersed in DI water, reveal atomic Cu-to-Ag ratios of
(1-2): 10 and (4-5): 10, respectively. Therefore, the copper
dopant content in the CAIS QDs is very close to the total amount
of copper introduced at the synthesis.

For the ultimate case of Cu: Ag:In:S=1:1:7:10 the PL
band maximum can be found at around 780 nm (~1.6 eV), while
the PL intensity is reduced by a factor of about 15 (Fig. 1a,
curve 7). The evolution of the PL band from a “yellow” one
(centered at around 2.0 eV) to a “red” one (peaked at ~1.6 eV)
can be visualized by the normalized PL spectra presented in
Fig. 1b as well as by the dependence of the PL band maximum
energy on the copper-to-silver ratio (Fig. 1c, blue squares).

It was reported for the copper-diffused AIS QDs that Cu can
fill the inherent vacancies in the AIS lattice as well to partially
substitute silver ions in their lattice sites.***> The filling of
vacancies should be reflected in a narrowing of the distribution
of possible electron states participating in the radiative
recombination and, hence, in a narrowing of the PL band. Such
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Fig. 2 (a and b) PL spectra of AIS QDs (a) and CAIS QDs (b) before Zn
addition (curves 1) and after the addition at a Zn: Ag ratio of 2:1
(curves 2), 10 : 1 (curves 3), and 20 : 1 (curves 4); (c) integral PL intensity
of CAIS/ZnS QDs as a function of Zn : Ag ratio. Figures on the graph
indicate bandgap values for corresponding samples. Insert: photo-
graph of CAIS/ZnS series with an increasing Zn : Ag ratio under the UV
illumination. Ag:In:S=2:7:10.
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a narrowing is indeed observed in the present case: the spectral
width of the PL band decreases from 0.35 eV for the pristine AIS
QDs to 0.25 eV for the heavily doped CAIS QDs prepared at
Cu: Ag =1:1 (Fig. 1c, red circles) indicating that copper does
indeed fill the vacancies in the silver-indium-sulfide lattice. A
similar narrowing is also observed after the incorporation of
Zn>" ions into the AIS lattice.171%2327:33

The deposition of a ZnS shell on the surface of both AIS and
CAIS QDs was found to result in a strong PL enhancement
(Fig. 2a and b), however, the character of the changes of spectral
parameters of the PL band is somewhat different between
undoped and doped QDs. As the amount of ZnS is elevated, the
PL band of AIS QDs increases in intensity and shows a “blue
shift” (Fig. 2a).

These observations indicate the passivation of the surface
defect states participating in non-radiative electron-hole
recombination and the diffusion of Zn>" ions into the lattice of
AIS QDs resulting in an increment of the bandgap and the
lattice constant.'”'#232627:38 Ip the case of CAIS QDs only a slight
blue shift of the PL band is observed along with a PL
enhancement (Fig. 2b), supporting the above assumption about
a partial filling of the AIS lattice vacancies by copper ions that
inhibit the subsequent diffusion of Zn**. The PL intensity
increases by a factor of more than 3 as the ZnS shell is deposited
and the Zn : Ag ratio changed from zero to 20-25 (Fig. 2c). The
further increase of the ZnS content is not accompanied by
a further PL intensity increase, rather resulting in a certain
decrease of the emission intensity. The highest PL QY obtained
for Zn : Ag = 25 was 15%.

Size selection of CAIS QDs

Recently, we have shown the feasibility of size-selective precip-
itation of aqueous MA-stabilized AIS and AIS/ZnS QDs by using
2-propanol as a “bad” solvent.”” The method is based on the
addition of 2-propanol to an aqueous solution of AIS QDs
resulting in the precipitation of a fraction of the largest QDs
from the colloidal ensemble. The precipitate can be separated
and redispersed in pure water forming a colloidal solution
stable for months. The repetition of this procedure with an
increasing amount of 2-propanol yields many (up to 10-11)
fractions of size-selected QDs with distinctly different optical
properties and an average size varying from around 2 to
3-3.5 nm.”” Here we show that a similar method can be
successfully applied for the size selection of the doped MA-
capped CAIS and CAIS/ZnS QDs.

Thus, by increasing the volumetric 2-propanol-to-water ratio
from 0.3 to 3.3 up to 9 separate fractions of CAIS/ZnS QDs were
discriminated from the original colloidal solution
(Cu:Ag:In:S:Zn = 0.2:2:7:10: 25) differing distinctly in
their spectral characteristics. The color of the solutions varies
from dark-brown for fraction #1 (the largest QDs) to bright-
yellow for fraction #9 of the smallest QDs, while the emission
color is changed from deep-red for fraction #1 to bluish-green
for fraction #9 (see photographs in Fig. 3). As the PL QY and
the stability against aggregation of the CAIS/ZnS QDs appeared
to be much higher than those for CAIS QDs without protective

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 (a and b) Absorption (a) and PL (b) spectra of size-selected

CAIS/ZnS QDs (the curve numbers correspond to the fraction
numbers) PL was registered after a normalization of the QD concen-
tration to the same optical density (~0.1) at the PL excitation wave-
length. Insert in (a): curve 9 in the coordinates “In(D) — quantum
energy”; (c and d) photographs of size-selected CAIS/ZnS QD colloids
taken under ambient (c) and UV (d) illumination (365 nm).

shells we performed the following studies most exclusively with
the core/shell CAIS/ZnS QDs synthesized at the core composi-
tion providing the highest PL QY (Cu:Ag:In:S =
0.2:2:7:10).

A TEM study of size-selected CAIS/ZnS QDs yielded only
blurred images (ESI, Fig. S21), most probably, due to the
charging of the sample in the electron beam resulting in
oscillations of the sample and compromising the beam
focusing. This problem seem to be of a general character for the
small aqueous AIS-based QDs observed by us earlier for undo-
ped MA-capped AIS/ZnS* and recently - for the glutathione-
capped AIS/ZnS QDs.* Nevertheless, it can be seem from the
TEM images that the most populated fractions #1-2 of the
present CAIS/ZnS QDs contain 3-4 nm particles (in accordance
with the DLS measurements), while fractions #8-9 showed the
presence of smaller QDs of ~2 nm in size.

The absorption spectra of size-selected CAIS/ZnS QDs reveal
continuous bands with no distinct maxima or humps and with
the band edge shifting continuously to shorter wavelengths as
the fraction number increases (Fig. 3a). We have shown earlier®
that the absorption band of AIS and AIS/ZnS QDs near the band
edge is characterized by a relatively strong contribution of sub-
bandgap states (Urbach absorption) masking the exact position
of the band edge. Therefore, a satisfyingly precise determina-
tion of the bandgap from the absorption spectra cannot be
achieved when the data is replotted in the coordinates of the
Tauc equation. In the case of the size-selected series of AIS QDs
the contribution of the Urbach absorption increased with
decreasing QD size resulting in large uncertainties in the E,
values. We proposed to evaluate the bandgap as the crosspoint
of two linear sections of the absorption spectra replotted in the
coordinates of the Urbach equation, one of them corresponding
to the sub-bandgap absorption and the other - to the interband
electron transitions, as shown in Fig. 3a (insert). The values of
these bandgaps derived for different fractions using the Urbach
equation, Ef;, are collected in Table 1.

The bandgap of the size-selected CAIS/ZnS QDs was found to
expand from 2.05 eV to 2.32 eV as the fraction number increased
from #1 to #9. The energy of the PL band maximum (Ep;) of the
size-selected QDs increases as well, shifting from 1.64 eV to

RSC Adv., 2018, 8, 7550-7557 | 7553
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Table1 Some parameters of absorption/PL and metal ratios for a series of size-selected CAIS/ZnS QDs (starting composition Cu : Ag : In: S : Zn

=02:2:7:10:2)

Fraction no. Eg, eV Epp, €V AS, eV FWHM, eV PL QY, % In: Ag Zn : Ag C:Ag Cu: Ag Cu:Zn
1 2.05 1.64 0.41 0.31 11 1.8 1.1 0.7 0.11 0.10
2 2.08 1.66 0.42 0.31 17 1.7 1.0 0.7 0.13 0.13
3 2.10 1.68 0.42 0.31 24 2.1 1.0 1.0 0.14 0.14
4 2.12 1.69 0.43 0.32 28 2.2 1.0 1.0 0.08 0.08
5 2.13 1.71 0.42 0.35 36 2.2 1.0 1.3 0.08 0.10
6 2.14 1.75 0.39 0.38 42 3.0 1.2 1.8 0.11 0.09
7 2.17 1.78 0.39 0.39 45 4.7 1.3 3.0 0.12 0.09
8 2.23 1.82 0.41 0.41 50 5.0 1.7 3.4 0.22 0.13
9 2.32 1.92 0.40 0.50 58 11.0 3.0 7.5 0.27 0.09

1.92 eV. Consequently, the Stokes shift, AS = E[gJ — Epp, remains
reasonably constant varying slightly around 0.4 eV (Table 1),
justifying further the employed method of the bandgap
evaluation.

The composition of the size-selected series of the CAIS/ZnS
QDs prepared at Cu:Ag:In:S:Zn = 0.2:2:7:10:2 was
analyzed by XPS (second part of Table 1). The atomic Cu : Ag
ratio was found to vary around 0.1 without sharp deviations
matching the original Cu : Ag ratio set during the QD synthesis.
The Cu : Zn ratio was found to be rather stable as well, varying
around 0.1 for fractions #1-7 as expected from the above
stoichiometry. These results indicate that the size-selected
CAIS/ZnS QDs are characterized by a more or less similar
content of the copper dopant throughout the entire series from
#1 to #7. The last two fractions #8 and #9 reveal some deviations
from the above tendencies but the amount of QDs in these
fractions was very small (by two orders of magnitude smaller
than, for example, in fractions #1 and #2) which may compro-
mise the accuracy of the XPS measurements.

The ratio of indium to silver was found to increase from
around 2 for fraction #1-5 to ~5 for fractions #7, 8 and increasing
sharply for fraction #9 with the smallest CAIS/ZnS QDs (Table 1).
In most cases this ratio differs from the preset value indicating
that a portion of the In*" ions is bound to MA and remains
unprecipitated in the supernatant solution as well as forms
a protective complex ligand layer on the surface of QDs. As shown
above, the relative amount of sulfur increases almost linearly with
a decrease in the QD size supporting this conclusion. Also, the
carbon-to-silver ratio increases showing the same tendency as the
In : Ag ratio further supporting the assumption on the partial
binding of In*" ions to the surface complexes with MAA. The
Zn : Ag ratio keeps reasonably stable for fractions #1-7 indicating
that size-selected QDs are characterized by a uniform ZnS shell in
different fractions. Some increase in the Zn : Ag ratio for the two
last fractions can also be an indication that a portion of Zn(u)
binds to MA forming surface protective complexes.

The electron binding energies for In 3d, Ag 3d, and Cu 2p
derived from XPS spectra are essentially identical for the frac-
tions #1-9. The In 3d range (not shown here) shows a doublet at
442.2 eV/451.7 eV typical for In(m) in ternary copper/silver
indium sulfides.*® The Cu 2p range (Fig. 4a, insert) exhibits
doublet peaks at 931.6 eV/951.5 eV for all the studied samples
typical for Cu(i) in CIS compounds.*** This indicates that the

7554 | RSC Adv., 2018, 8, 7550-7557

Cu(u) ions introduced during the synthesis of the crude
colloidal solutions are reduced to Cu(i) by MAA at the moment
of the complex formation as previously observed for aqueous
CIS QDs.** A doublet at 367.5 e€V/373.5 eV in the Ag 3d range
(Fig. 4b, inset) is typical for Ag(1) in binary and ternary metal
chalcogenides.*

The high-resolution XPS spectra of size-selected CAIS QDs in
the S 2p range showed a complex band that can be deconvoluted
into two (fraction #2, Fig. 4a) or three (fraction #7, Fig. 4b)
doublets separated by a characteristic spin-orbit splitting of
1.2 eV. The first two doublets at 161.2 €V/162.4 eV and 163.4 eV/
164.6 eV were assigned to sulfur in the metal-sulfide AIS lattice
(5*7) and to the surface-adsorbed MA species, respectively.*

As the fraction number increases (and the QD size gradually
diminishes), the intensity of the lattice sulfur signal (Is)
becomes weaker while the MA sulfur signal intensity (Iya)
increases (compare Fig. 4a and b). The intensity ratio Iya/lars
was found to increase in an almost linear way with the increase
of the fraction number (Fig. 4c). If a similar surface density of
MA ligands is assumed for different QD sizes, this observation
may indicate a decrease in the QD size in the consecutive
fractions, resulting in an increase in the total surface area of
colloidal QDs and in the amount of the surface ligand species as
compared to the lattice sulfur atoms. The surface MA concen-
tration depends on the total QD surface area and is proportional
to d* (d is the QD size), while the amount of the lattice sulfur
increases as d® and therefore the Iya/Iys ratio should be
inversely proportional to the QD size (as 1/d) and proportional
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Fig. 4 (a and b) XPS spectra of CAIS/ZnS QDs in the S 2p range for
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Ima/lais ratio as a function of the QD fraction number.
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to the fraction number, in accordance with the observations
presented in Fig. 4c.

The X-ray diffractograms of the size-selected CAIS/ZnS QDs
reveal diffraction patterns typical for the chalcopyrite silver-
indium-sulfide compounds for all studied fractions (Fig. 5a).
The main (100) peak at 27.5° is slightly shifted to larger angles
(smaller lattice parameters) with respect to pure AIS QDs (26.9°
(ref. 27)) indicating that the Cu doping decreases the lattice
parameter of the CAIS QDs because of a smaller ionic radius of
Cu' as compared to Ag".?* The relative intensity of the diffraction
peaks decreases somewhat with an increase of the fraction
number as a result of an increased disordering in smaller QDs,
in accordance with the below-discussed PL observations. The
size of the coherent X-ray diffraction domain (close to the
average QD size) was estimated by the Scherrer equation to be
2.8 nm (fraction #1), 2.0 nm (fraction #5), and 1.6 nm (fraction
#9). This range is very similar to the size range of the non-doped
size-selected MA-capped AIS QDs studied by us earlier.”” The
similarity indicates that the size-selective precipitation produced
amore or less identical series of the size-selected QD fractions in
both cases provided for the same 2-propanol/water ratio.

A study of the complete set of the size-selected fractions #1-9
of CAIS/ZnS with Raman spectroscopy was obstructed by the
ever-increasing PL background resulting in meaningful spectral
features only for the fractions #1-3. The spectra were found to
be identical for all three fractions under two different excitation
wavelengths (488 and 515 nm) and revealed a broadened feature
in the range of 240-380 cm ™! with an overtone above 500 cm™*
(Fig. 5b). The main feature can be deconvoluted into two peaks
at around 303 cm ™! and 343 cm ™%, which is characteristic for
AIS compounds.* No other admixture phases were detected in
the Raman spectra.

Similarly to the parental colloidal solutions, the size-selected
CAIS/ZnS QDs revealed broad PL bands with the intensity
increasing strongly with a decrease of the QD size (Table 1). The
PL QY was found to increase in a roughly linear manner from
11% for fraction #1 up to 58% for fraction #9 of the smallest
CAIS/ZnS QDs. Fig. 3c and d show that the size selection yields
a set of quite intensely emitting luminophors with the emission
color varying from deep red for the starting fractions to light-
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Fig. 5 X-ray diffractograms (a) and Raman spectrum (b) of the size-
selected CAIS/ZnS QDs. Cu:Ag:In:S:Zn =02:2:7:10:2, (a)
fraction #1 (curve 1), #5 (curve 2), and #9 (curve 3), (b) fraction #3. Blue
and red lines in (b) — results of fitting with Lorentz profiles.
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yellow and yellow-green for the least populated but the bright-
est fractions #8 and #9.

Typically, PL QYs between ~20% and ~40% are reported for
luminescent AIS/ZnS QDs with the inner AIS core doped with
Zn*" ions. 719232638 A careful optimization of the Ag-to-In ratio
in AIS QDs and the AIS-to-ZnS ratio in alloyed ZAIS QDs allowed
to reach PL QYs of 60-80%."**** One of the highest PL QY of
87% was recently observed for “double-shell” ZAIS/ZnIn,S,/ZnS
heterostructured QDs.** These figures show that the lumines-
cent size-selected CAIS/ZnS QDs discussed in the present paper
are quite competitive with the best reported AIS-based nano-
luminophors and, most probably, reveal the highest PL QY
reported to date for the copper-doped AIS QDs.

The spectral width of the PL band was found to increase
considerably with a decrease in the size of CAIS/ZnS QDs, from
0.31 eV for fraction #1 up to 0.50 eV for the fraction #9 of the
smallest QDs (Table 1). The same tendency was earlier observed
by us for the size-selected undoped AIS/ZnS QDs* and
accounted for by an increase disordering of the QDs of
decreasing size and a broadening of the spectrum of electron
and hole states participating in the radiative recombination.
This explanation is corroborated by an increase of the charac-
teristic Urbach energy deduced from the sub-bandgap “tails” of
the corresponding absorption spectra.””

The dynamics of the radiative recombination in the size-
selected CAIS/ZnS QDs was studied by time-resolved PL
spectroscopy for fractions #1-7 which have almost the same
composition as shown by the XPS measurements. The kinetic
curves of the PL decays of CAIS/ZnS QDs revealed a distinctly
non-monoexponential character typical for ternary QDs. For the
fractions of AIS/ZnS and CAIS/ZnS QDs produced at the same
volumetric ratio of 2-propanol to water the PL was found to
decay faster for the doped QDs as compared with the undoped
ones. For example, the radiative lifetime 7 of the QDs was esti-
mated as the time when the original PL intensity decreases by
a factor of e. It was found to decrease from 405 ns for AIS/ZnS
(fraction #3) to 355 ns for CAIS/ZnS QDs (fraction #3).

This observation along with the reduction in the PL QY
induced by copper doping indicates a higher rate of the non-
radiative recombination in the doped CAIS/ZnS QDs as
compared with AIS/ZnS. An opposite trend was earlier reported
for surface-doped AIS/ZnS QDs,*® where the PL lifetime
increased as a result of Cu doping. This report along with the
present results indicate a crucial role of copper localization,
when the relative probability of the Cu ions participation in
radiative and non-radiative recombination depends on the
mode of copper introduction producing opposite effects for
surface-implanted Cu ions as in ref. 35 and for Cu ions intro-
duced on the stage of QD nucleation, as in the present work.

As shown above by the stationary PL measurements the
negative influence of Cu doping on the PL intensity and rate
becomes counterbalanced by a decrease in the average size of
CAIS/ZnS QDs, resulting in a strong enhancement of the
radiative-recombination. The analysis of the stationary PL
spectra of the size-selected QDs revealed a steady broadening of
the PL band with a size decrease indicative of a broader spec-
trum of states participating in the PL emission. Therefore, it can
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be expected that the emission becomes faster, which is
corroborated by the experimental data indicating a reduction in
the radiative life time from 355 ns to 295 ns as the fraction
number increases from 3 to 7 (Fig. 6a).

By combining data on the stationary PL QY and the average
PL lifetimes the rate constants of both radiative and non-
radiative recombination in the size-selected CAIS/ZnS QDs, k;
and k,, can be derived by well-reported approaches®' as func-
tions of the QD size (or fraction number). The &, value was
found to grow steadily with a QD size decrease, increasing from
0.63 x 10° to 1.44 x 10° s™" as the fraction number increases
from 3 to 9 (Fig. 6b). At the same time, k,, was found to be
relatively constant, varying between 2.00 x 10° s~ for fraction
#3 and 1.63 x 10° s~ " for fraction #9, that is by less than 20% of
the average value, which is too small to assess it as a distinct
tendency for a decrease. Therefore, the non-radiative recombi-
nation rate constant can be accepted as unchanged in the
studied QD size range. The increase of k. observed for the
size-selected CAIS/ZnS QDs with roughly the same composition,
Cu dopant content, ZnS shell thickness and defect density (the
latter derived from unchanged k,,) may, therefore, be ascribed
to the effect of increased charge carrier confinement favoring
the radiative electron-hole recombination. As suggested by the
above-discussed XPS data, the amount of In and Zn complexes
with MA adsorbed on the QD surface increases with a QD size
decrease and the more dense ligand shell can also have some
contribution into the observed enhancement of the PL effi-
ciency with the increasing fraction number.

In our earlier studies we have found that the PL efficiency of
CIS/ZnS QDs correlates with the photoelectrochemical activity
of TiO,/CIS nanoheterostructures produced from the same core
CIS QDs but without the passivating ZnS shell (or with a very
thin one).”” In the present work we have investigated the pho-
toelectrochemical activity of TiO,/QD composites based on the
size-selected CAIS/ZnS QDs introduced as photoanodes in
three-electrode cells with a Pt counter-electrode and aqueous
Na,S/Na,S, electrolyte, similar to ref. 37.

The concentration of all the fractions of CAIS/ZnS colloids
used for the preparation of the photoanodes was normalized to
an equal optical density at 350 nm, that is, far from the
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Fig. 6 (a and b) Average PL lifetime (a), and rate constants (b) of

radiative (blue squares 1) and non-radiative recombination (red circles
2) a series of the size-selected colloidal CAIS/ZnS QDs. (c) Photo-
current density in the three-electrode photoelectrochemical cells
based on FTO/TiO,/CAIS photoanodes with the size-selected AIS/ZnS
(blue squares 1) and CAIS/ZnS QDs (red circles 2).
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absorption band edge, where the absorbance can be assumed to
be proportional to the QD concentration and a possible size-
dependence of the molar extinction coefficient ignored as
a first approximation. In this way, the TiO,/QD photoanodes
were characterized by roughly the same QD volume density.

It was found that the copper doping enhances the photo-
electrochemical activity of AIS QDs since the TiO,/CAIS/ZnS
photoanodes produce higher photocurrent densities for all
the studied fractions as compared to the undoped TiO,/AIS/ZnS
analogues (Fig. 6¢). The doping-induced photoactivity incre-
ment reveals a dependence on the QD size increasing from 24%
for the largest QDs (fraction #1) to ~60% for the smallest
CAIS/ZnS QDs (fraction #9). The photocurrent density produced
by TiO,/CAIS/ZnS heterostructures correlates well with the PL
QY of the individual colloidal CAIS/ZnS (Table 1) indicating that
the PL measurements can be used as a diagnostic tool to assess
and predict the light-harvesting efficiency of the QDs intro-
duced into the heterostructured photoanodes of the liquid-
junction solar cells.

Conclusions

The copper-doping of aqueous non-stoichiometric AIS QDs was
found to result in a red shift of the PL band maximum from
around 630 nm to ~780 nm and a PL quenching. The deposi-
tion of a ZnS shell onto doped CAIS QDs allows to recover the
relatively intense emission with a highest PL QY of 15% (at a
molar Cu:Ag:In:S:Zn ratio of 0.2:2:7:10:25) while
almost not changing the position of the PL band. The stability
of the PL band position in the presence of the protective ZnS
shells in the case of CAIS QDs was attributed to the filling of
inherent vacancies in the AIS lattice by Cu(i) ions impeding the
subsequent inclusion of Zn(u) ions from the shell.

Size-selective precipitation using 2-propanol as a non-solvent
allows to discriminate up to 9 fractions of CAIS/ZnS QDs from
the original ensemble revealing distinctly different optical
properties. The average size of QDs in the fractions changes
from about 3 to 2 nm and smaller similar to the earlier reported
case of undoped AIS and AIS/ZnS QDs.” Studies of the frac-
tionated colloids by X-ray photoelectron and Raman spectros-
copy showed that the fractions contain only the AIS-like
chalcopyrite phase without other phase admixtures.

The decrease of the average size of the CAIS/ZnS QDs results
in a blue shift of the PL maximum yielding a series of relatively
brightly emitting luminophors with the emission color varying
from deep-red to bluish-green and the PL QY increasing from
11% for the first fraction up to 58% to the smallest CAIS/ZnS
QDs in the least populated fraction #9.

The rate constant of radiative electron-hole recombination &,
showed a steady increase from 0.63 x 10° to 1.44 x 10° s~ ' with
the QD size decrease while the value of the non-radiative
recombination rate varied only slightly with the QD fraction
number increasing from 3 to 7. The enhancement of the radiative
electron-hole recombination was attributed to the size-
dependent spatial exciton confinement in the CAIS/ZnS QDs.

The copper doping was found to result in an enhancement of
the photoelectrochemical activity of CAIS/ZnS QDs introduced

This journal is © The Royal Society of Chemistry 2018
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as spectral sensitizers of mesoporous titania photoanodes of
liquid-junction solar cells. The doping-induced photoactivity
increment increases from 24% for the largest QDs to ~60% for
the smallest QDs, the photocurrent density correlating closely
with the PL QY of original colloidal CAIS/ZnS QDs.
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