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ABSTRACT: Nonlinear optical processes are crucial for emerging ™ o

applications including multiphoton-excited fluorescence microscopy and g2M \
optical power limiting. Therefore, searching for materials of high OB |
multiphoton absorption cross sections is essential for the development / g(I)Okw b

of these techniques. We present synthesis of 4.5 monolayer CdSe A A
nanoplatelets (NPLs) doped with silver and copper ions along with the 200 3001000 1200 1400
evaluation of their two-photon absorption (TPA) and three-photon 5M A (nm) =
absorption (3PA) cross sections. Doping significantly increases the TPA c4M R
cross section of each NPL sample, which reaches up to 1.33 X 10’ GM 23m

for the most absorbing copper-doped ones. We also detected 1—2 orders o2M) o

of magnitude-enhanced 3PA cross sections for the doped NPLs in ™
comparison with their undoped counterparts. As TPA and 3PA peaks

appear, in the first and the second biological transmission windows,

respectively, doped NPLs are promising candidates for multiphoton

fluorescence microscopy as bioimaging agents. Moreover, the strong nonlinear response suggests application as active optoelectronic
materials in optical sensors.
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H INTRODUCTION Even higher TPA cross sections have been reported for 1D
and 2D semiconductor nanoparticles. Depending on the

Investigations of nonlinear optical (NLO) properties, and in ) - !
dimensions, both responsible for the quantum confinement

particular nonlinear absorption of nanomaterials, have become

an important issue for the development of numerous NLO- and the lateral ones, the values for quantum rods may be of 10°
based techniques used in different fields, such as multiphoton- GM order of magnitude,'”'* while for semiconductor
excited fluorescence microscopy in medical diagnosisl’2 or nanoplatelets (NPLs), they may reach up to 10" GM for the
optical power limiting in laser-based technologies.” For such larger and thicker particles.'’ Naturally, comparisons of TPA
applications, semiconductor nanoparticles offer several advan- merit of various materials need to consider these values in
tages over other materials, for example, their high lumines- conjunction with the size of the system, for example, by
cence brightness and stability against photobleaching exceed calculating weight-normalized cross sections,'” as will be done
those of organic dyes. Furthermore, semiconductor nano- later in this paper.

particles exhibit narrow, often symmetric bands in photo- However, increasing the size of nanoparticles not only

luminescence (PL) spectra and may be excited within a broad
wavelength range." The tuning of their optical properties by
the size effect allows one to obtain the maximum of two-
photon absorption (TPA) or in some cases even three-photon
absorption (3PA) in the range of the so-called “biological
transmission windows”, which makes them useful for biological
applications. Moreover, in contrast to standard organic dyes
which display TPA cross sections below 1000 GM,* but mostly
even below 50 GM,” 0D spherical quantum dots (QDs) often
reach the magnitudes of 10° to 10° GM.*™ "'

increases their TPA cross section but also limits applications in
which smaller sizes are required and changes their optical
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Figure 1. Absorption and PL spectra upon (one-photon) excitation at 400 nm of undoped, 0.4%-Ag-doped, and 0.5% Cu-doped 4.5 ML CdSe
NPLs, (b) energy-band diagram and recombination sketch of undoped and (Cu/Ag)-doped CdSe NPLs (energetic position of the Ag state is
estimated from ref 23) to be 0.34 eV above the bulk valence band and by comparing the emission peak position, the energetic position of the Cu
level is estimated to be 0.27 eV above the bulk valence band, (c) color images of doped and undoped CdSe NPLs under 365 nm (UV lamp)
excitation, and (d—f) TEM micrographs of undoped, Ag-doped, and Cu-doped CdSe NPLs, respectively.

response. For instance, 5.5 monolayer (ML)-thick CdSe NPLs
with 82 nm X 22 nm lateral dimensions exhibit almost 40
times higher TPA cross section than 4.5 ML-thick CdSe NPLs
with 26 nm X 13 nm lateral dimensions; however, their volume
is almost seven times larger'’ and their first exciton peak as
well as PL maximum is red-shifted by about 40 nm."*

Semiconductor nanoparticle properties can also be modified
without changing their size. So far, many reports have been
presented on doping nanocrystals, in a wide range of shapes
and sizes, in order to tune their optical, magnetic, and
electronic characteristics. For instance, Vlaskin et al'®
introduced manganese impurity into ZnSe nanocrystals in
order to enhance high-temperature dual emission. Moreover,
CdSe QDs were doped with silver ions which increased the
efficiency of QD-sensitized photovoltaic cells.'® Furthermore,
we have prepared copper-doped CdSe NPLs with extended
quantum yields (QYs) as promising candidates for luminescent
solar concentrators'”~"? and developed a light-emitting diode
based on the material.”” Manganese-doped ZnS QDs were also
investigated in terms of their TPA cross section.”'

However, up to date, the literature provides no information
about NLO properties of 2D colloidal semiconductor NPLs
doped with metal ions. This work contributes to filling this gap
in knowledge of NLO properties of nanosystems, presenting
TPA and 3PA absorption cross section spectra in a wide range
of wavelengths for 4.5 ML CdSe NPLs doped with silver and
copper ions.

B EXPERIMENTAL SECTION

Chemicals. Cadmium nitrate tetrahydrate, sodium myr-
istate, technical-grade 1-octadecene (ODE), selenium, cadmi-
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um acetate dihydrate, copper (II) acetate, silver acetate,
trioctylphosphine (TOP), oleylamine, and technical-grade
oleic acid (OA) were purchased from Sigma-Aldrich.
Methanol, ethanol, acetone, and hexane were purchased from
Merck Millipore.

Synthesis of Undoped and Cu- and Ag-Doped CdSe
NPLs. Copper- and silver-doped colloidal CdSe NPLs were
synthesized by following our previously published recipe with a
few modifications.”'® In a three-neck flask, a mixture of 340
mg of cadmium myristate, 24 mg of Se, and 30 mL of ODE
was degassed at 95 °C for 1 h. Then, the temperature of the
reaction was adjusted to 240 °C and the atmosphere was
switched to argon. A known amount of the Cu/Ag precursor
was added at 190 °C and the solution was cooled down to 90
°C with a water bath. The solution was then degassed for a few
minutes. Furthermore, the temperature of solution was set at
240 °C and shifted to argon at 100 °C. As the temperature
reached 130 °C, 120 mg of cadmium acetate dihydrate was
added in the powder form and the temperature was increased
up to 240 °C where the reaction occurred for 10 min.
Thereafter, it was terminated by adding 1 mL of OA followed
by immediate cooling of the solution with a water bath. To get
the final NPLs, the solution was centrifuged at 6000 rpm for S
min. Then, ethanol was added to the supernatant and again
centrifuged at 6000 rpm for S min. The final precipitates were
suspended in hexane. The TOP/Cu and TOP/Ag ratio of 50
has been used for the preparation of the dopant precursor. The
preparation of the dopant precursor was already given in our
previous paper.

The NLO measurements of NPLs were carried out as
described previously (eg., ref 11), with some modifications.

https://doi.org/10.1021/acsphotonics.1c01456
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Figure 2. Representative open- and closed-aperture Z-scans and the theoretical fits for 0.5% Cu-doped 4.5 ML NPLs at (a) 850 and (b) 1225 nm.
Data for the remaining samples are presented in the Supporting Information.

The wavelength-dependent NLO properties of the undoped,
Ag-doped, and Cu-doped NPLs were studied with the open-
and closed-aperture Z-scan technique using a laser system
comprising a Quantronix Integra-C Ti:sapphire regenerative
amplifier producing ~130 fs, 800 nm pulses of 1 mJ energy per
pulse at 1 kHz repetition rate and a Quantronix Palitra-FS
optical parametric amplifier capable of delivering wavelengths
between 500 and 1500 nm. In order to limit the data noise, a
dedicated I/O card (National Instruments PCI-6143) with
simultaneous sampling synchronized with the laser pulses was
used to detect individual open- and closed-aperture signals
together with the corresponding reference signal; thus,
normalizing the signals by dividing them by the reference
was enabled. For more details on how the calculations of NLO
properties from raw open- and closed-aperture Z-scans were
performed, see the Supporting Information. The UV—vis
absorption spectra were measured using a JASCO V670
spectrophotometer. For the fluorescence measurements, the
samples were excited using light of 400 nm wavelength and the
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emission spectra were detected with a Hitachi F-4500
spectrofluorometer. Absolute QYs of the synthesized samples
were measured using the de Mello method.”* The system is
composed of a spectrometer (Ocean Optics Maya 2000), an
integrating sphere (Hamamatsu), and a monochromator with
an integrated xenon lamp. The excitation wavelength was set to
400 nm for these measurements. A Thermo X series II ICP—
MS spectrometer was used to perform the elemental analysis.

Fast time-resolved PL spectra in the regime of both single-
(400 nm) and two-photon (800 nm) excitation were measured
using a streak camera. The setup used for the measurements
consisted of a Coherent Libra-S all-in-one ultrafast oscillator
and a regenerative amplifier system with a pulse duration of
<100 fs at a 1 kHz repetition rate and a Coherent OperA-Solo
optical parametric amplifier. The excitation laser system was
synchronized with a Hamamatsu C5677 streak camera with a
time resolution of 14 ps.

https://doi.org/10.1021/acsphotonics.1c01456
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Figure 3. TPA cross-sectional spectra of all the examined samples. Light lines were added to guide the eye. One-photon absorption spectra in the
function of doubled and tripled wavelength were added (gray lines) for comparison.

B RESULTS AND DISCUSSION

For this study, we used two different doping concentrations
both for Ag and Cu dopant ions in the same 4.5 ML CdSe
NPL host with the doping concentrations estimated by
ICP:MS measurements (Table S1) as 0.4 and 1.2% for Ag
dopants and 0.5 and 1.1% for Cu dopants as the probes with
average and maximum TPA cross sections, respectively (see
Table S2 for the maximum TPA cross section of samples of
different dopant concentrations). Previous reports with Cu and
Ag doping in CdSe NPLs using partial cation exchange
reactions have shown red shift of the emission spectrum with
the increase in the doping level.'””*** In these studies, we
have used a high-temperature nucleation doping method for
the synthesis of doped NPLs, and the level of doping for the
studied samples is below 1.0%. This results in doping emission
peaks at similar photon energies to those shown in our
previous works.'””> Figure 1 shows the results for 0.4% Ag-
doped and 0.5% Cu-doped 4.5 ML CdSe NPLs as compared to
control undoped 4.5 ML CdSe NPLs. Figure la presents
steady-state absorption and emission spectra of undoped and
doped 4.5 ML CdSe NPLs. As compared to their undoped
counterparts, Ag- and Cu-doped NPLs show the emergence of
additional Stokes-shifted dopant-related emission along with
typical excitonic emission at 514 nm. Ag-doped NPLs show the
broadband Stokes-shifted emission at ~600 nm, and Cu-doped
NPLs show a similar broadband emission at ~700 nm. Their
absorption spectra are very similar to those of undoped 4.5 ML
CdSe NPLs, showing typical e-hh and e-lh absorption
transitions at 512 and 480 nm, respectively. The PL peak
emission wavelength for the dopant-induced emission does not
appear to red shift with variation in doping values as compared
to previously reported partial cation-exchange reactions where
a higher amount of doping leads to a huge red shift in the
dopant-induced emission spectrum.'”**** The PL emission
spectra of different Ag- and Cu-doped CdSe NPLs used in the
study are given in the Supporting Information (Figure S1).
Figure 1b shows the energy band diagram of undoped and
doped NPLs. Both Ag and Cu dopants show a very similar
recombination mechanism. Both dopants act as hole traps, as
the photoexcited holes are trapped by these localized dopant
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states, and recombination of delocalized electrons in the
conduction band with these mid-gap trap states leads to
Stokes-shifted dopant-induced emissions.'*® Figure 1c shows
the typical images of doped and undoped NPLs under UV
lamp excitation. Figure 1d—f shows the TEM micrographs for
undoped and Ag- and Cu-doped NPLs. As seen from the
images, the typical dimensions of undoped, Ag-doped, and Cu-
doped CdSe NPLs are 12.88 X 10.22 nm?, 27.25 X 7.69 nm?,
and 36.31 X S5.10 nm? respectively. Figures 2 and 3 show
representative open-aperture and closed-aperture Z-scan
measurement traces. The shapes of the graphs differ depending
on the wavelength and the examined sample (for the remaining
samples, see the Supporting Information and Figures S2 to
$9).

The most pronounced nonlinear absorption was detected
between 825 and 925 nm and, additionally, in the range
between 1100 nm and 1225 nm, depending on the sample. We
performed a closer examination of the graphs shapes (cf. ref
27) which suggested the occurrence of a TPA mechanism in
the former, shorter wavelength range (Figure 2a) and a three-
photon process in the latter one (Figure 2b). These findings
are confirmed by the respective slope values in Figures S10 and
S11 which present the dependence of the integral PL intensity
as a function of the excitation laser beam power at wavelengths
corresponding to maxima at multiphoton absorption spectra.
Moreover, Figure S12 shows the plot of transmittance versus
input intensity measured for 1225 nm for the 1.2% Ag-doped
sample with theoretical dependences for TPA and 3PA
presenting correspondence of the experimental data with the
three-photon process.

To confirm the viability of the NPLs for use as two- and
three-photon-excited luminescence markers, we measured the
luminescence under NIR femtosecond laser excitation. The
representative two- and three-photon-induced luminescence
spectra of the investigated samples are shown in Figures S13 to
S22 together with the corresponding photographs, where an
experiment illustrates the formation of a bright two- and three-
photon-excited PL spot produced by a focused beam from the
femtosecond laser.

Figure 3 shows that the wavelength ranges of substantial
values of TPA cross sections correspond roughly to those

https://doi.org/10.1021/acsphotonics.1c01456
ACS Photonics 2022, 9, 256—267


https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.1c01456/suppl_file/ph1c01456_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.1c01456/suppl_file/ph1c01456_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.1c01456/suppl_file/ph1c01456_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.1c01456/suppl_file/ph1c01456_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.1c01456/suppl_file/ph1c01456_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.1c01456/suppl_file/ph1c01456_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.1c01456/suppl_file/ph1c01456_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.1c01456/suppl_file/ph1c01456_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.1c01456/suppl_file/ph1c01456_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01456?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01456?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01456?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01456?fig=fig3&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.1c01456?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics

pubs.acs.org/journal/apchd5

Table 1. Comparison of TPA Cross Sections of Doped and Undoped Colloidal 4.5 ML CdSe NPLs in Chloroform Determined

Using the Z-Scan Technique

area wavelength

4.5ML CdSe NPLs  (nm?) (nm) o, (GM)
undoped 132 825 725 x 10° + 7.01 X 10*
Ag-doped (0.4%) 262 850 3.82 x 10° + 3.07 X 10°
Ag-doped (1.2%) 210 850 544 X 10° + 434 x 10°
Cu-doped (0.5%) 185 825 136 X 10° + 9.42 x 10*
Cu-doped (1.1%) 213 850 1.33 X 107 £ 1.79 X 10°
undoped 500 800 1.30 x 10°

undoped 621 800 173 x 10°

undoped 128 800 9.22 x 10*

undoped 338 800 1.40 x 10°

undoped 253 800 4.40 x 10°

6/M (GMmol-g™") 6,/V (GM:nm™) 6, X QY (GM) reference
1.31 4.59 x 10° 1.60 X 10° this work
347 1.21 x 10* 2.10 x 10° this work
6.17 2.16 x 10* 3.26 x 10° this work
1.75 6.12 x 10° 8.43 x 10° this work

14.8 5.19 x 10* 9.98 x 10° this work
0.62 217 X 10° - (up to 5.85 x 10°)  '°
0.66 232 X 10° - (up to 0.78 x 10°)  '°
0.17 6.00 X 10* - (up to 415 x 10%)  '°
0.99 3.45 x 10° - (up to 0.63 x 10°)  '°
0.41 1.27 X 10° - (up to 1.98 x 10%)  '°

predicted by doubling the wavelengths of OPA but are blue-
shifted, which may be rationalized by considering that during
simultaneous absorption of two photons, a biexciton may be
formed whose energy exceeds that of an exciton (cf. ref 9 28
29,).

The maximum values of TPA cross sections vary depending
on the sample with the highest value equal to 1.51 X 10’ GM
detected for 1.1% Cu-doped NPLs. It is worth noting that a
much lower TPA cross section, although still significant, 7.25 X
10° GM, was found for undoped NPLs. The obtained values
are presented in Table 1 along with those from the work
previously reported. TPA cross sections of 4.5 ML CdSe NPLs
presented in that work did not exceed 2 X 10° GM, despite
modifying their lateral dimensions, similar to the result for
undoped CdSe NPLs obtained here, confirming that doping
with copper and silver ions strengthens the nonlinear
absorption ability of the nanomaterial. This result is in line
with the expectations, as the introduction of an intermediate
state due to the presence of Ag or Cu ions should produce a
resonance enhancement that may be an effective approach to
increase TPA cross-sectional values of CdSe NPLs.’*’
Clearly, these phenomena are not fully rationalized yet, but
one can expect that doping can add more flexibility in tuning
the 2D material properties.”” For example, Li and Dagenais
showed that quantum confinement of electrons in QDs and
additional discrete energy levels within the band gap formed in
InAs/GaAs QDs can function as intermediate states for
additional sub-band gap photon absorption.” These authors
concluded that the greatly broadened tailing density of states in
the QD-made material strongly enhances both one-photon
absorption current generation and TPA process by introducing
the mid-gap intermediate states. Furthermore, Mn and Cu
dopants were observed to enhance the TPA cross section of
ZnSe QDs by approximately five times with respect to
undoped counterparts.’® This enhancement originates from
the introduction of dopant ion states in doped QDs which
leads to enhanced trap states due to the distortion in the
crystal structure by the impurities as a result of doping.

Since the investigated nanoparticles differ in molar mass and
possess different QYs, to compare their TPA merit, we
calculated a molar mass-normalized merit factor 6,/M as well
as two-photon excitation action cross section ¢, X QY which
assesses the two-photon-induced luminescence brightness.
Both factors are found to be the lowest for the undoped
sample and the highest for 1.1% Cu-doped NPLs; however, the
proportions between individual values change. The results are
presented in Table 1.
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As mentioned above, all samples display an additional peak
in their nonlinear absorption spectra, with the absorption
maximum between 1100 and 1225 nm. Although they are
plotted in Figure 3 as “effective” values of &, (corresponding to
an experiment carried out at a certain light intensity, ~250
GW/cm? in our case), the dominant effect in that part of
spectrum is 3PA. It is apparent because the absorption takes
place at the wavelengths which are red-shifted relative to
doubled wavelengths of OPA and is also confirmed by the Z-
scan open-aperture trace shapes corresponding to a 3PA
process (Figure 3). The corresponding o5 values recalculated
from those data reach up to 4.11 X 107* cm® s* for 1.0% Cu-
doped NPLs exceeding the value detected for the undoped
sample, 4.06 X 10 ~7° cm®s?, by 2 orders of magnitude. The
enhancement is also similarly substantial when molar mass-
normalized results are compared (4.58 X 107 cm®s*mol-g™*
and 7.34 X 107*" cm®s*g™!, respectively). These values also
exceed molar mass-normalized 3PA merit factor equal to 1.36
X 107%2 cm®s*g~! calculated previously for CdSe QDs’ (Table
2). We have also presented the nonlinear refraction of colloidal

Table 2. 3PA Cross Sections of Undoped, Ag-Doped, and
Cu-Doped 4.5 ML CdSe NPLs in Colloidal Solutions

wavelength
4.5 ML CdSe NPLs (nm) oy (em®s?)  03/M (cm®s*mol-g™")
undoped 1028 4.06 x 1077 7.34 X 1078
Ag-doped (0.4%) 1100 224 x 1077 2.03 x 107%
Ag-doped (1.2%) 1225 122 X 1077 1.38 x 107%
Cu-doped (0.5%) 1150 5.55 x 1077 7.13 x 107%
Cu-doped (1.1%) 1175 411 x 1077 4.58 x 107%°

CdSe NPLs calculated from the CA Z-scan in the form of the
nonlinear refractive cross section oy spectra (Figure S23), as
this single-nanoparticle-oriented parameter, defined by Balu et
al,>* allows one for simple comparison with &, The data
contain large error margins, due to the fact that they are
obtained from differences of the nonlinear refraction of
solutions and of the pure solvent and do not show clear
trends, except for possible anomalies close to nonlinear
absorption peaks. The values are scattered from —1.26 X107
refractive GM (RGM) to 3.39 X 10" RGM. The extrapolated

2
n, is in the range of —9.95 X 1077 t0 3.03 X 10_16%,
shown in Figure S24. The large scatter of the results is due to
the fact that even at the relatively high concentration of NPLs
in solution, the nonlinear refraction response of the samples is

still mostly dominated by the solvent and the cuvette cell walls.
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Figure 4. Streak camera images of (a) undoped CdSe NPLs and doped with (b) 0.4% and (c) 1.2% of silver (Ag). Notations al—cl refer to
excitation in the single-photon regime, while a2—c2 refer to results obtained with two-photon excitation. Due to a strong difference in intensity
between the excitonic and defect-related emission, the defect-related traces were placed in the form of insets.

Time-resolved PL spectroscopy of the samples was
performed within the single- and two-photon excitation
regime. The streak camera spectra taken for pristine CdSe
and silver-doped (0.4 and 1.2% Ag) NPLs are shown in Figure
4. The results taken for the copper-doped (0.5 and 1.1% Cu)
CdSe NPLs are presented in Figure 5.

According to the spectra taken for undoped CdSe NPLs
within the single-photon excitation regime, it was found that
the PL decays reveal two clear components (Figure 4al).
Regarding the undoped sample, the corresponding decay times
were found as 7, = 4.5 ns &+ 0.04 ns and 7, = 20.7 ns + 0.3 ns
(see Table 3). The amplitude-averaged lifetime 7 was
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estimated as 7 = 5.73 + 0.07 ns. All decay curves with the
fitting parameters may be found in Figure $S34 and S35 of the
Supporting Information section. In Figure S34, decay curves
taken for the excitonic band are shown. Decay curves taken for
the defect-related band have been shown in Figure S35. It is
worth noting that multiexponential decays have also been
reported for CdSe NPLs.”*® According to Kunneman,®” the
CdSe NPLs were found to exhibit blinking behavior analogous
to QDs, which may help with interpretation of the time-
resolved spectra.

The existence of the short component 7, in QDs is typically
assigned to the internal charge disturbance that results from
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Figure 5. Streak camera images of (a) undoped CdSe NPLs and doped with (b) 0.5% and (c) 1.1% of copper (Cu). Notations al—cl refers to
excitation in the single-photon regime, while a2—c2 refer to results obtained under two-photon excitation. Due to a strong difference in intensity
between the excitonic and defect-related emission, the defect-related traces were placed in the form of insets.

charge trapping and the formation of charged excitons.”*™*!

The charge disturbance is believed to be a result of efficient
population of defect states in the first picoseconds after the
excitation pulse. The fast component may therefore be
identified with severe damping of the excitonic component
by nonradiative relaxation channels induced by charged
excitons.”® Quenching of the X° relaxations by unbalanced
holes/electrons is a natural consequence of substantial change
in the relaxation probabilities.”>* Similar results were also
reported by Kunneman et al’’ For undoped NPLs, it is
therefore likely that the charge imbalance is rather associated
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with the surface. Interlayer charge trapping may be properly
omitted as the few-layer NPL is a strongly interacting system.
The short decay component of undoped NPLs may be treated
as the indicator of the density of trapping centers and their
optical activity.

The situation looks slightly different for doped samples
(Figure 4bl,c1). The sample doped with 0.4% of Ag exhibits
notable shortening for both lifetime components, that is, 7, =
2.36 ns + 0.01 ns and 7, = 17.96 ns + 0.3 ns as well as 7 = 2.63
+ 0.01 ns (Table 3). On the other hand, the CdSe:1.2% Ag
sample revealed considerable elongation of the time constants
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up to 7; = 6.56 ns =+ 0.0S ns and 7, = 33.56 ns + 0.7 ns. This is
also observed in a higher value of 7 = 6.71 + 0.05 ns. However,
7, has the dominant share for the value of 7. Observation of
higher decay rates for the excitonic relaxations in the
CdSe:0.4% Ag sample compared to undoped CdSe NPLs
may be quite well-rationalized by the presence of additional
defect states formed by silver atoms. Two separate radiative
channels related to the X° exciton and defect E*8 need to be
considered.

As discussed, any charge imbalance (uncompensated holes
or electrons) must imply severe changes in the excitonic
transition probabilities. Depending on the ratio between
trapping time and nonradiative rate constants, intense Auger
relaxations or linear decreases in PL lifetime and intensity is
expected.** Shortening and weakening of the excitonic
component is therefore a natural consequence of charge
trapping and is believed to be the best recognized mechanisms
responsible for blinking in QDs.*****® The existence of broad
PL emission for Ag-doped NPLs implies the occurrence of a
second radiative channel, that is, defect-mediated transitions.
Both these channels may in a first approximation be treated as
uncorrelated; however, indication of a specific defect type
mediating the relaxation is challenging and requires further
theoretical studies. Different behaviors—due to different
charge states—are expected from silver on cadmium antisites
Agcq and interstitial silver Ag;. Elongation of the PL lifetime
components for the CdSe:1.2% Ag sample may, however, be of
different nature. It is important to note that defect formation
energy is dependent on the chemical potential. Different defect
types may be more probable for heavy silver-doped samples,
that is, Agcy~” instead of Agc4™. The change in the charge state
may have dramatic consequences on the defect-related
relaxation rates. This change may also involve preferential
formation of Ag* defects as the Ag doping in CdSe
nanocrystals is shown to be a distribution of interstitial and
substitutional sites.””**

As heavy doping has a negative effect on X° transitions, a
small amount of Ag doping in the CdSe host may enhance the
excitonic emission by passivating the nonradiative channels. In
our case, different amounts of Ag doping values in CdSe host
NPLs can result in different distributions of interstitial versus
substitutional doping sites. However, further analysis is
required to understand the influence of different doping
concentrations on host excitonic emission.

Considering the defect-related PL bands, no change in the
radiative rates as a function of Ag ions concentration was
noticed. Spectral shift of the defect band maximum from the
excitonic band was estimated to be ca. 81 nm (0.32 eV). Both
samples exhibit similar relaxation kinetics that follows the first-
order decay law with characteristic lifetime parameters of 7 =
68.69 ns + 6.62 ns for the CdSe:0.4% Ag and 7 = 68.09 ns +
1.84 ns for the CdSe:1.2% Ag (Table 3). A slight temporal red
shift was, however, observed for the defect-related band, which
was 41.89 and 65.41 meV, for CdSe:0.4% Ag and CdSe:1.2%
Ag (see Figure S25 of the Supporting Information),
respectively.

This temporal red shift of the PL band maximum brings
important physical premise according to the interplay between
more than one defect types that are involved in the relaxation
pathways. The defect transition energies may be related to
isolated point defects and defect pairs. Concerning isolated
point defects formed by silver(I) in the CdSe structure, it is
justified to consider silver interstitials Ag; and silver on
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Table 4. PL Band Maximum Positions and Decay Parameters Estimated from Streak Camera Spectra Obtained for Two-

Photon Excitation

exciton band decay parameters

sample exciton band maximum 7, (ns) 7, (ns) defect band maximum defect band decay parameters 7, (ns)
undoped 520.67 nm 1.68 + 0.02 14.87 + 0.21
CdSe 0.4% Ag 525.17 nm 1.24 + 0.01 11.16 + 0.53 595.81 nm 4192 + 1.52
CdSe 1.2% Ag 523.83 nm 5.07 + 0.07 35.17 + 2.09 580.56 nm 5295 + 3.14
CdSe 0.5% Cu 526.83 nm 0.17 +2 x 1073 0.94 + 0.0 664.94 nm 282.73 + 20.62
CdSe 1.1% Cu 527.50 nm 008 +1x 1073 0.42 + 0.01 676.34 nm 384.88 + 41.43

cadmium antisites Agcy. The Ag; (Ag,") is seen to be a donor-
like defect, whereas Agcy (Agcq™ or Agcg™) is assumed to act
as an acceptor. Due to limited valency for silver, it is reasonable
to discuss the Ag” and Ag" states with characteristic transition
energy E(0/+). According to the Agcy antisite, one may
anticipate Agly and Agg, charge states associated with E(—/0)
transition energy. Depending on the formation energy, one
may also anticipate higher-order defects involving charge-
compensated pairs, that is, (Agcq + Ag), (Aglq + Ag)), or
(V&g + 2Ag) formed with the assistance of cadmium
vacancies. The existence of paired defects will be strongly
dependent on the atomic chemical potential, changing strongly
the overall ratio between various defect forms on concentration
of silver in the CdSe samples. This may further have its
reflection in the effective pathway for radiative relaxations with
the excitonic channel. Another important feature is related to
clear shifts in the position of the excitonic band maximum and
the asymmetry of the excitonic band noted for samples excited
in the two-photon regime (Figure Sa2—c2). This is well seen
comparing single- and two-photon-excited spectra (Figure
Sbl,b2,c1,c2). This asymmetry is represented as an elongated
tail (ca. 160 meV) of the band toward lower energies and can
be seen in Figures $26—S30 of the Supporting Information
(Figures S31 and Figure S32 show temporal changes in the
defect-related PL band). Measurements performed for various
photon fluxes (Figure S33 for representative samples) proved
that the excitonic asymmetry and shift of the PL band
maximum results from the formation of the biexcitonic
excitations. For lower photon fluxes, the excitonic band gains
its symmetric character.

Results obtained for copper-doped samples are presented in
Figure S. Samples doped with copper reveal considerably
stronger emission from the defect-related band (Figure
Sbl,cl). The spectral shift between the excitonic maximum
and the defect-related band maximum for copper-doped NPs
was found to be ca. 150 nm (0.53 eV), which is about 0.21 eV
more than what was found for silver-doped samples. Strong
defect-mediated recombination for the CdSe:Cu NPs is clearly
reflected in the excitonic relaxation channel. One may note
that severe damping of excitonic relaxation is observed there
(Table 3). The PL decay parameters for single-photon
excitation were estimated for the CdSe:0.5% Cu and
CdSe:1.1% Cu as 7; = 2.07 ns + 0.03 ns and 7, = 0.31 ns +
1X 10 nsand 7, =0.10 ns + 1 X 10° ns and 7, = 0.51 ns +
9 X 107° ns, respectively. This translates into the mean decay
time values 7 = 0.32 ns and 7 = 0.12 ns, respectively, for
CdSe:0.5% Cu and CdSe:1.1% Cu.

This may be well-rationalized considering intense capturing
of excited charge by the defect centers, which is responsible for
temporal charge disturbance in the NPLs as it was discussed
above. The excitonic relaxation rates correlate with the
concentration of copper in the CdSe structure. It may be
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seen that for the CdSe:1.1% Cu sample (Figure Scl), the
excitonic band also presents evident asymmetry related with a
long tail in the range of lower energies even for single-photon
excitation regime. Efficient biexcitonic systems are typically
formed for 0.289 W of an average optical power at a 1 kHz
repetition rate.

In contrast to silver, copper easily accepts Cu“" oxidation
states which are typically more preferred than Cu’. This may
have its reflection in the defect type that is formed in the CdSe
structure. At the interstitial sites, copper may therefore be
expected to form Cu* or Cu?" states, whereas for cadmium
antisites, it may form strong acceptor states. Relaxations
through copper states may therefore be more preferred than
through Cd—Se-related antibonding states. Concerning the
defect-related PL band, one may also notice much longer
decays than what was observed for silver-doped NPs. The
CdSe:0.5% Cu sample is characterized by an exponential decay
with a time parameter of 7; = 260.07 ns + 2.06 ns and 7, =
390.68 ns + 8.91 ns for the CdSe:1.1% Cu (Table 3). Small
deviations of ca. 12 nm were observed in the defect band
maximum and temporal red shift of the PL maximum (Figure
S26) for the CdSe:0.5% Cu and CdSe:1.1% Cu samples. This
may be well-rationalized by participation of different defect
states that dominate at different Cu doping. These lifetimes are
also matching with our previous reported lifetimes for Cu'-
doped CdSe NPLs.'® For two-photon excitation, one may
notice further shortening of the exciton decay parameters
(Table 4). Excited-state relaxations are held here mainly with
the participation of defect transitions (Figure Sb2,c2). Higher
activity of Cu-related defects and higher polarizability of
localized nonbonding charge associated with point defects may
also explain higher values of o, for the copper-doped
nanoparticles. Similarly, as it was observed for silver-doped
samples, the excitonic bands for two-photon excitation are
characterized by strong asymmetry that is caused by
biexcitonic system formation. The change in the relaxation
rate for defect-related transitions is not unequivocal. The
CdSe:0.5% Cu sample was characterized by a quite long decay
time of 7, = 282.73 ns + 20.62 ns, but the CdSe:1.1% Cu
sample was characterized by a slightly shorter value of 7, =
384.88 ns + 41.43 ns. No evident shift in the PL defect band
maximum was also noted.

2+

B CONCLUSIONS

We have synthesized 4.5 ML CdSe NPLs, doped them with
silver and copper ions, and characterized their optical
properties, in particular, the multiphoton absorption cross
sections. All the samples exhibit the maximum of nonlinear
absorption in the wavelength range of 825—925 nm which we
attribute to the TPA effect and an additional peak between
1100 and 1225 nm corresponding to the 3PA process. Doping
the NPLs with Cu and Ag ions significantly increased o,, o3,
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and two-photon brightness, regardless of the nanoparticle
molar masses. We conclude that with doping, it is possible to
increase the TPA cross section of 4.5 ML CdSe colloidal NPLs
at least up to 1.33 X 10" GM and their 3PA cross section to
4.11 X 107* cm®s% Such promising nonlinear absorption
effects make them attractive materials for optical power
limiters, for example, protecting sensitive sensors or eliminat-
ing laser work-related noises. Moreover, appearing in the range
of biological transmission windows, in combination with high
two-photon brightness of up to 1.13 X 10’ GM, applications in
multiphoton fluorescence microscopy, especially for biological
samples, can be suggested.

To shed more light on the role of doping, we employed
time-resolved spectroscopy, which revealed effective defect
mediation in radiative relaxations for both silver- and copper-
doped samples where PL decays lying in the range of ca. 50—to
400 ns were seen. This range of lifetime constants is favorable
for fluorescence lifetime imaging and techniques utilizing
Forster resonance energy transfer phenomena. For silver-
doped nanoparticles, the PL decay lifetime was invariable in
the function of silver concentration, which does not apply to
copper-doped NPs for which the PL decay lifetime elongates
for the heavily doped (1.1% of Cu) sample. A temporal shift of
PL maximum for the defect band was observed for both
samples. This effect was attributed to relaxations from more
than one defect state or temporal charge rebalancing on the
defect sites. The charge imbalance was also indicated as a
major effect that is responsible for shortening of the excitonic
relaxation constant. Two-photon-excited luminescence spectra
showed significant asymmetry in the excitonic band. This
asymmetry was related to band widening toward lower
energies which was attributed to the efficient formation of
biexcitonic excitations by the 800 nm laser beam. Severe
shortening of the excitonic lifetime constants was observed for
the two-photon excitation regime. Noticeable shortening was
also observed for the defect-mediated transitions suggesting
that stronger charge disturbance may be caused by two-photon
excitations. The obtained results indicate that copper- and
silver-doped CdSe NPLs are very efficient luminescence
markers for both single- and multiphoton excitation. This is
especially true for techniques requiring NIR excitation and
two-band or two-color luminescence markers for special
applications.
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