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ABSTRACT: Colloidal two-dimensional (2D) lead chalcogenide nanoplatelets (NPLs) represent highly interesting materials
for near- and short wave-infrared applications including innovative glass fiber optics exhibiting negligible attenuation. In this
work, we demonstrate a direct synthesis route for 2D PbSe NPLs with cubic rock salt crystal structure at low reaction temper-
atures of 0 °C and room temperature. A lateral size tuning of the PbSe NPLs by controlling the temperature and by adding
small amounts of octylamine to the reaction leads to excitonic absorption features in the range of 800 - 1000 nm (1.6 - 1.3 eV)
and narrow photoluminescence (PL) seamlessly covering the broadband infrared spectral window of 900 - 1450 nm (1.4 -
0.9 eV). The PL quantum yield of the as-synthesized PbSe NPLs is more than doubled by a postsynthetic treatment with CdClz
(e.g. from 14.7 % to 37.4 % for NPLs emitting at 980 nm with a FWHM of 214 meV). An analysis of the slightly asymmetric PL
line shape of the PbSe NPLs and their characterization by ultrafast transient absorption and time-resolved PL spectroscopy
reveal a surface trap related PL contribution which is successfully reduced by the CdCl: treatment from 40 % to 15 %. Our
results open up new pathways for a direct synthesis and straightforward incorporation of colloidal PbSe NPLs as efficient

infrared emitters at technologically relevant telecommunication wavelengths.

Two-dimensional (2D) IV-VI semiconductors, especially lead
chalcogenide nanosheets (NSs) and nanoplatelets (NPLs), have
attracted significant interest due to their promising optoelec-
tronic properties covering the near-infrared (NIR) and short-
wave-infrared (SWIR) wavelength range of the electromagnetic
spectrum.1-3 The materials exhibit broadly tunable absorption
and photoluminescence (PL) properties, which are controlled
mainly by their quantum-confined thickness and providing ac-
cess to the spectral windows needed in biological imaging or
fiber optics.4-6 2D lead chalcogenide NSs for example exhibit
photophysics different from their spherical nanocrystal (NC)
counterparts such as strong Rashba spin-orbit coupling,” even
more efficient carrier multiplication,8 and high charge carrier
mobility.910 This allows for their use as active optical compo-
nents for field effect transistors (FETs),11 light-emitting diodes
(LEDs),12 or solar cells.13.14 Additionally, colloidal lead chalco-
genides are highly interesting nanomaterials for deterministic
single photon emission which is applied in photonic quantum
technologies like quantum key distribution.15-18

However, synthetic access to 2D NSs and NPLs exhibiting seam-
lessly tunable and efficient NIR to SWIR PL is scarce. For exam-
ple, Tenney et. al. synthesized HgTe NPLs decorated with HgTe
NCs that exhibited efficient PL with a quantum yield (QY) of
> 30 % between 1000 and 1500 nm. The synthesis is elaborate,
requiring cation exchange from CdSe NPLs and a simultaneous

ligand exchange.l9 A similar cation exchange approach from
CdSe NPLs to PbSe NPLs has been described by Galle et al.20.21
The starting CdSe NPLs show high brightness and narrow PL
that is partly retained during the cation exchange.22 Thin cation
exchanged PbSe NPLs from 4 monolayer (ML) CdSe yielded a
PLQY of 15 % centered at 1330 nm, whereas the thickest PbSe
NPLs of 6 ML exhibited a PLQY of 6 % centered at 1545 nm.20

While straightforward and direct colloidal synthesis methods
for PbS and PbSe NCs are well established, relatively few stud-
ies deal with the direct synthesis of strongly confined IV-VI
semiconductor NPLs,223-28 even less based on PbSe.3 This could
be due to the low reactivity of conventional selenium precur-
sors including tri-n-alkylphosphine toward lead carboxylates,
which in turn lead to the active development of selenium pre-
cursors including selenoureas.2930 Recently, we have shown the
synthesis of ultrathin PbS NPLs with enhanced NIR emission.31

The synthesis of cubic 2D NSs and NPLs requires anisotropic
crystal growth, which can be induced by different strategies in-
cluding oriented attachment leading to symmetry break-
ing,1332 cation exchange,2033 templated growth,283435 and in-
trinsic instabilities leading to enhanced growth of the basal
plane.36

Koh et al. describe the synthesis of thickness-controlled 2D
PbSe NPLs by oriented attachment of PbSe NCs.3 They find a



crucial role of halide ions to be responsible for a 2D bridging of
the NCs, whereas the thickness is controlled by the amount of
Pblz added. While a tunable PL was achieved by controlling the
NPL thickness, the measured PLQY of ~0.1 % was rather low.

Other strategies toward a Pb-based 2D crystal growth were de-
scribed for perovskite NPLs.37 Almeida et al. used a mixture of
primary amines and aliphatic carboxylic acid that lead to the
presence of an ammonium (RNH3+*) species in the reaction. This
species increased the ionic strength of the solution and sup-
ported the growth of 2D NPLs. The enhanced solution of vari-
ous precursor salts in turn lead to the controlled formation of
either NCs or NPLs.

Here, we report the first direct synthesis of 2D PbSe NPLs with
efficient broadband tunable infrared emission by using lead
oleate and selenourea as precursors in a mixture of octylamine
and oleic acid. PbSe NPLs are synthesized at room temperature
or below and exhibit distinct excitonic absorption features be-
tween 800 - 1000 nm (1.6 - 1.3 eV), while narrow PL is ob-
tained at technologically relevant telecommunication wave-
lengths between 900 - 1450 nm (1.4 - 0.9 eV, reaching the O-,
E- and S-band (0.98-0.91, 0.91-0.85 and 0.85-0.81¢V,
resp.). By adjusting the reaction temperature and the amount
of octylamine used for the synthesis, the optical properties of
the NPLs are tuned by controlling their lateral size rather than
their thickness. In a subsequent step, a postsynthetic surface
treatment of the PbSe NPLs with CdCl: leads to a general dou-
bling of the PLQY of PbSe NPLs (e.g., from 14.7 % to 37.4 % for
NPLs emitting at 980 nm), exceeding the best results for PbSe
NPLs published so far.

Experimental

Chemicals. Octylamine (OcAm, 99.0 %), oleic acid (HOA,
>99 %) and cadmium chloride (CdClz, 99.99 %) were pur-
chased from Sigma-Aldrich/Merck. Selenourea (99.97%) and
analytical grade hexane (99.99%, anhydrous) were purchased
from Alfa Aesar. Ethanol (99.9%, extra dry) was purchased
from Acros. Tetrachloroethylene (TCE, =99.9 %, anhydrous)
was purchased from Merck-Millipore. Octylamine was dried via
freeze-pump-thawing for three times. All other reagents were
used as received without further purification.

Synthesis of the lead oleate precursor (Pb(0A)z). The syn-
thesis of lead oleate is based on a method described by Hen-
dricks et al. and has been recently proven successful for the syn-
thesis of 2D PbS NPLs.3138 Briefly, 5 g (22.4 mmol) lead oxide
were stirred in 10 mL acetonitrile for 10 min at 0 °C. The solu-
tion turned clear after the addition of 0.35 mL (4.54 mmol) tri-
fluoroacetic acid and 3.1 mL (22.3 mmol) trifluoroacetic anhy-
dride and was allowed to reach room temperature. A separate
solution of 14.2 mL (45.0 mmol) HOA, 7.1 ml (50.6 mmol) tri-
ethylamine and 90 mL isopropanol was prepared and added to
the lead solution. The white precipitate was purified by recrys-
tallization after refluxing at 80 °C for 10 min until a clear solu-
tion was obtained. The solution was stored in a freezer (-20 °C)
for 19 h before being filtered and washed with methanol. The
dried lead oleate was stored in a glovebox at -24 °C.

Synthesis of the selenourea precursor. In a 9 mL vial, a mix-
ture of 193 mg (1.57 mmol) selenourea, 2 mL (12mmol) OcAm,
0.2 mL (0.7 mmol) HOA and 0.75 mL hexane was prepared. The
mixture was stirred at 35 °C at least for 24 h until a clear dark-
orange solution was obtained. The selenium precursor was
used for up to five days.

PbSe NPL synthesis. The synthesis of PbSe NPLs is based on a
method by Manteiga Vazquez et al.3! The precursor formation

steps and the reaction were run under inert gas conditions ei-
ther inside a glovebox or on a Schlenk apparatus. The syntheses
at 0°C were conducted using an ice bath. In a 9 mL vial,
182.5 mg (0.3 mmol) Pb(OA)2 was dissolved in a mixture of
0.8 mL (4.9 mmol) OcAm, 0.4 mL (1.3 mmol) HOA and 1.2 mL
(9.2 mmol) hexane. 250 pL of the Se-precursor solution was in-
jected into the Pb-precursor solution rapidly under vigorous
stirring, and was kept stirring for additional 10 min. The solu-
tion immediately changes from colorless to dark brown upon
the selenium precursor addition. The precipitation of the PbSe
NPLs is induced by the addition of 2 mL dry ethanol after which
the reaction product is centrifuged at 6000 rpm for 10 min. Pre-
cipitated PbSe NPLs are redispersed in hexane and stored in a
glovebox at -24 °C. The absorption and PL properties of the
PbSe NPLs can be controlled via the amount of OcAm used for
the Pb(OA)2-precursor and the reaction temperature.

CdCl: treatment of PbSe NPLs. For the postsynthetic CdClz
treatment of PbSe NPLs, 0.275 g (1.5 mmol) CdClz were dis-
solved in a mixture of 13.5 mL (81.9 mmol) OcAm and 1.5 mL
(4.7 mmol) HOA. 2.5 mL of this solution were added to the
crude PbSe NPL product and stirred for additional 40 min at
0 °C. The precipitation and storage steps were performed as de-
scribed above.

Vis-NIR and PL spectroscopy. The samples for vis-NIR and PL
spectroscopy were prepared by diluting the unprecipitated
PbSe NPLs in TCE. Optical absorption spectra were acquired on
a Cary 5000 spectrophotometer from Agilent Technologies.
Steady-state PL spectra and lifetime measurements (multi-
channel scaling, MCS) were measured using an Edinburgh FLS
1000 UV-Vis-NIR PL spectrometer. The optical characterization
of NPL dispersions was carried out using quartz cuvettes with
a path length of 10 mm. The steady-state PL was collected by
exciting the samples at 500 nm (optical density < 0.2 at the ex-
citation wavelength) with a Xenon lamp and utilizing an InGaAs
PMT detector. The PLQY was determined with an integrating
sphere, measuring the scattering in the visible range with a
980 PMT and the PL in the NIR with the InGaAs detector of both
a blank and the sample. The measured spectra were corrected
for the difference in the detector sensitivities. The MCS meas-
urements were carried out using a picosecond pulsed diode la-
ser (EPL) with a wavelength of 445.1 nm and a pulse width of
110 ps by Edinburgh Instruments.

Powder X-ray diffraction (PXRD). Powder X-ray diffraction
patterns were measured in Bragg-Brentano geometry using a
Bruker D8 Advance equipped with CuKa source operating at
40 kV and 30 mA. The samples were prepared by drop-casting
a concentrated NPL solution onto a single silicon crystal sample
holder.

Transition electron microscopy (TEM). TEM analysis was
conducted using a FEI Tecnai G2 F20 transmission electron mi-
croscope equipped with a field emission gun operating at
200 kV. The NPL samples for TEM were prepared by drop cast-
ing a diluted solution onto a carbon coated copper grid
(300 mesh) by Quantifoil.

Energy-Dispersive X-ray Spectroscopy (EDXS). The atomic
ratios of the PbSe NPL samples were determined using a scan-
ning electron microscope (SEM) and analyzed by EDXS by using
the software Oxford Instruments INCA 3000. SEM analysis was
carried out using a JEOL JSM 6700F equipped with a cold field
emission gun electron source. The samples were prepared by
drop-casting a concentrated NPL solution onto a single silicon
crystal sample holder.

Transient absorption spectroscopy (TAS). Ultrafast broad-
band transient optical absorption spectroscopy was performed
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on a set-up similar as described in literature.31.39.40 Briefly, a controlled by nonlinear frequency mixing in an optical para-
100 fs laser pulse train from a Ti:sapphire amplifier system metric amplifier (OPA) system (TOPAS). The pump pulse is

(Spectra-Physics, Spitfire ACE) centered at 800 nm is split dumped after the photoexcitation of the sample, while the
(90:10) to generate a pump and a probe beam. A broadband probe light is led to a fiber-coupled detector array.

white-light super continuum is generated by nonlinear pro- For TA measurements PbSe NPL samples were diluted in TCE
cesses inside a CaF2 or sapphire crystal (320 - 1600 nm, Ultra- in 2 mm quartz cuvettes and kept under constant stirring to
fast, Helios FIRE) with the 10 % share of the fundamental. The prevent photocharging.4! The optical density of the samples at
arrival of the probe beam with respect to the pump beam is var- the photoexcitation wavelength was kept at values < 0.1.

ied by using a delay stage with a range of up to 8 ns after pho-
toexcitation. The pump beam photoexcitation energy is
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Figure 1: Optical properties and TEM images of PbSe NPLs. a) Absorbance, successive spectra are plotted with an offset of 0.4 for
clarity and b) associated PL of PbSe NPLs exhibiting excitonic absorption features in the range of 800 - 1000 nm, and PL between
900 - 1450 nm. c) - f) TEM images of PbSe NPLs with their associated absorption and PL shown in a) and b). PbSe NPLs exhibit a
narrow size distribution, with the inset showing single crystalline NPLs in high magnification. Corresponding data sets in a) and b)
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and TEM images are color-coded. Additional properties and reaction conditions for each sample are shown in Figure 2 and listed in

Table 1.

Tunable absorption and PL properties of PbSe NPLs

Figure 1a and 1b shows the absorption and PL spectra of PbSe
NPLs exhibiting excitonic absorption features in the range of
800-1000 nm (1.6 - 1.3 eV) as well as narrow PL between
900 - 1450 nm (1.4 - 0.9 eV). Figure 1c-f depicts the corre-
sponding TEM images of the samples, with the average NPL
edge lengths given in each image (see Figure S1 for associated
size histograms). PbSe NPLs exhibit a slightly rectangular shape
with an aspect ratio of 1.1 to 1.2, a lateral size deviation of 15 %
and cubic rock salt crystal structure determined by powder
XRD (see Figure S2).

We find the influence on the lateral size of the PbSe NPLs
strongly dependent on the reaction temperature and the
amount of OcAm used for the synthesis. While a low reaction
temperature (0 °C) and a low amount of OcAm present during
reaction is favorable for the formation of smaller PbSe NPLs, an
increase of the temperature (to room temperature) and/or of
the amount of OcAm leads to larger lateral NPL sizes and a tun-
able red shift of their absorption and PL features (see Fig-
ure 1b). An influence on the reaction kinetics, which are ef-
fected by the temperature and the strong interaction between
the amine and the lead ions, likely leads to the observed spec-
tral tunabilty.242 For example, Buhro and co-workers used
OcAm to dissolve CdXz precursors at room temperature, form-
ing (CdSe)13 nanoclusters between amine double layers, which
in turn yielded 2D nanobelts upon heating.34 A similar soft tem-
plate mechanism is assumed to be occurring in our case. Addi-
tionally, the interaction between OcAm and HOA leads to the
formation of an ammonium species, with the equilibrium of this
reaction determined by the OcAM/HOA ratio and the tempera-
ture.3” However, we did not find an influence of the amount of
HOA or the ratio between HOA and OcAm on the optical prop-
erties of the obtained PbSe NPLs (see open and closed circle in
Figure 2b), and consider the role of the OcAm/HOA mixture is
needed in our case to ensure the complete solution of the pre-
cursors. Please note that a small amount of OcAm (167 pl) and
HOA (19 pl) is always present during reaction due to the addi-
tion of the selenium precursor solution, and in the following de-
scription only additional amounts of OcAm and HOA added by
the Pb(OA): precursor solution is stated.

By plotting the excitonic absorption of the PbSe NPLs vs. their
average edge length in Figure 2a, we find the expected decreas-
ing band gap energy with increasing NPL size.43 The excitonic
features of PbSe NPLs grow less distinct with increasing lateral
NPL sizes due to an increased lateral size distribution, thus the
2nd derivate of the absorption was used for the plot as is de-
scribed in the Supporting Info (see Figure S3). Due to their
slightly irregular shape, PbSe NPLs lack stacking (see Figure 1).
Generally, an increase in the absorption width is found in larger
NPLs as the absorption and PL is influenced by the lateral size
of the NPLs rather than their thickness. We compare the ob-
tained values with literature data for PbSe NCs expressed by an
empirical sizing curve by Dai et al.#4 shown in Figure 2a,

AE = 441 / (Dycs + 0.51) (1)

with Dnc as the average PbSe NC diameter, and AE as the first
excitonic absorption feature of the corresponding sample.

Clearly evident, we find the values for PbSe NPLs with a certain
lateral size diverging toward higher energies than PbSe NCs
with comparable diameters, which underpins the confinement
in the thickness of the NPLs. The hyperbolic empirical fit for

PbSe NCs is explained by the highly nonparabolic curvature of
the conduction and valence band near the L point in lead chal-
cogenides and shows good agreement with both lead chalco-
genide NCs and NPLs.344-47

We adopt a model by Kasowski et al. 48 and fit our data accord-
ing to

AE = (E2 4 2h*E,(1/0.5Dypy5)? /m*)*/? 2)
with E, the bandgap of bulk PbSe (0.278 e€V)*9, Dy, the aver-
age NPL edge length and m* the effective mass of the charge
carriers (m*=m; =m;). An effective mass of m* =
0.060 = 0.002 m,, exhibits the best fit in good agreement with
literature values for PbSe NPLs reporting an effective mass of
0.077 m,.3 While the lateral size of the PbSe NPLs is averaged
over the width and length of the NPLs for this fit, we find the
higher energy for the NPLs in comparison to spherical PbSe NCs
of comparable diameter also occurs when only plotting the
longer or the shorter lateral edge length (see Figure S4).
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published by Dai et al,44 while the dashed red line represents
the fit to the PbSe NPLs and with the NPLs exhibiting consider-
able additional confinement due to their 2D structure. b) PLQY
and PL position of different PbSe NPLs with red squares repre-
senting a reaction series with increasing OcAm amounts, while
retaining the total reaction volume as well as all other synthesis
parameters. The results of the different synthesis conditions
are represented by varying symbols and colors shown in Ta-
ble 1.

While lateral confinement has been observed in CdSe and PbS
NPLs,285051 jts influence appears significantly higher in PbSe
NPLs described here, which is shown in the NPL PL wich is tun-
able over a large spectral range (see Figure 1b) by a rather
small lateral size increases of the NPLs. This originates from the
larger exciton-Bohr-radius of PbSe (46 nm) in comparison to
the exciton-Bohr-radii of PbS (23 nm) or CdSe (5.8 nm).52 When
comparing the absorption and PL values of our NPLs to PbSe
NPLs obtained by cation exchange and oriented attachment
previously, we estimate a thickness of our NPLs in the range of
1-2 nm (2-3 ML).3.20

The PL maximum and the PLQY of CdCl; treated samples syn-
thesized under different reaction conditions are shown in Fig-
ure 2b and summarized in Table 1. Low amounts of OcAm are
sufficient for the successful synthesis of NPLs and result in the
formation of the smallest NPLs. While it is possible to obtain
PbSe NPLs without OcAm addition to the Pb(0OA)2 precursor, we
found the highest PLQY of 37.1 % for NPLs with 0.2 ml OcAm
added during the synthesis (see Figure 1c and 2b, blue star).
With increasing amount of OcAm present in the reaction, the
PLQY decreases and the absorption and PL of PbSe NPLs exhibit
a bathochromic shift (see Figure 2b). The colored stars in Fig-
ure 2b correspond to the samples shown in Figure 1, with asso-
ciated amounts of 0.2, 1.2, 1.4 and 1.9 ml OcAm present during
reaction.

Table 1: PL maxima and reaction conditions for different
PbSe NPL syntheses. The symbols in the first column cor-
respond to the data shown in Figure 2b) with the first four
rows corresponding to the PbSe NPLs discussed in Fig-
ure 1.

PL maxi- PLQY OcAm HOA Hex T

mum (nm) (%) (mL) (mL) (mL) (°Q)
* 980 37.4 0.2 0.4 1.8 0
* 1080 15.3 1.2 0.4 0.8 0
* 1230 5.0 1.4 0.4 0.6 23
* 1330 9.0 1.9 0.5 1.2 23
¢ 1450 1.5 1.8 0.4 0.2 35
® 1100 19.0 0.2 0.4 1.8 23
O 1012 25.2 0.8 0.7 0.9
@® 1006 25.4 0.8 0.1 1.5

We find the lowest temperature feasible for the NPL synthesis
at - 8°C since lower temperatures lead to freezing of the sol-
vent. With temperatures at or slightly above room temperature,
we obtain NPLs with excitonic absorption and emission reach-
ing up to the telecommunication O- and S-band (1260 -
1360 nm, 0.98 - 0.91 eV and 1460 - 1530 nm, 0.84 - 0.81 €V,
respectively). An example for an increase in reaction tempera-
ture with all other parameters kept constant is shown in Fig-
ure 2b (blue star [0°C] and semicircle [23°C]). The PL maxi-
mum shifts bathochromically from 980 nm to 1100 nm with as-
sociated PLQY values of 37.4 %, resp. 19.0 %. We observe the

same trend when increasing the OcAm amount in the synthesis
indicating that higher PLQY values are correlated with a
smaller lateral NPL size. PbSe NPLs with the smallest size (and
size distribution) are obtained at reaction temperatures of 0 °C,
which we kept as temperature for PbSe NPLs used in the bench-
mark experiments in this work.

The correlation between the increasing lateral NPL size and de-
creasing PLQY is attributed to the formation of more surface
defects in larger NPLs, which e.g. could arise as undercoordi-
nated selenium on the NPL surface.5! Quenching sites can also
be partly situated in the plane of the NPLs and be caused by
missing metal atoms in a cation-rich surface.53

Postsynthetic CdCl: treatment and time-resolved spectro-
scopic investigation of PbSe NPLs

A drastic increase of the PbSe NPL PLQY is apparent after their
postsynthetic treatment with CdClz, which has been shown re-
cently for NPLs and NCs.31,54-56

We use ultrafast transient absorption spectroscopy (TAS) and
multi-channel scaling (MCS) PL lifetime analysis for character-
izing the photophysics and charge carrier dynamics of pristine
and CdCl; treated PbSe NPLs. TA spectral and time traces of
PbSe NPLs with PL centered at 985 nm (1.3 eV, pristine) and
1050 nm (1.2 eV, CdCl: treated) are exemplarily shown in Fig-
ure 3. We exclude the formation of an alloy or CdSe shell growth
on PbSe NPLs during the metal halide treatment since reaction
temperatures of 0 °C and room temperature are rather low (see
Figure 4a for comparison).56.57
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Figure 3: TA spectra of PbSe NPLs emitting at 985 nm and
1050 nm, resp. and photoexcited at 700 nm. a) Spectral line
cuts of pristine (blue) and CdClz treated (red) PbSe NPLs at a
delay time of 10 ps after photoexcitation with the samples
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exhibiting a prominent bleach feature at 880 nm (pristine) and
950 nm (CdClz treated), resp. b) Exciton dynamics of the pris-
tine (blue) and CdCl: treated (red) PbSe NPLs show a decay
over the course of the measurement with transients of the pris-
tine samples decaying biexponentially, while CdClz treated
samples exhibit single exponential decay dynamics.

PbSe NPL samples were photoexcited at 700 nm (with an opti-
cal density of sample solutions of <0.1) and with comparable
photoexcitation fluence (30 pJ/cm?) to ensure a similar distri-
bution of the number of photoexcited excitons in pristine and
CdCl; treated PbSe NPL samples.3! TA spectral line cuts at 10 ps
after photoexcitation shown in Figure 3a exhibit a prominent
ground state bleach (GSB) feature due to state filling and stim-
ulated emission centered at 880 nm for the pristine, and
950 nm for the CdClz treated NPLs, respectively.58 Generally, the
GSB of PbSe NPLs is slightly blue-shifted with respect to the
steady-state absorption by a biexcitonic shift58. Due to the ini-
tial fast cooling of hot charges (photoexcitation at 700 nm,
above the NPL band edge, see Figure S5 for absorption and Fig-
ure S6 for color-coded 2D spectra), a short-lived induced ab-
sorption is probed, which decays within the first 2 ps of the
measurement. After the CdClz treatment, the GSB of PbSe NPLs
is red-shifted by 70 nm (100 meV) and hence following the
same trend as the steady-state absorption and emission of the
NPLs. Spectral line cuts taken at short (1 ps) and longer (3.5 ns)
times after photoexcitation (Figure S7) underpin changes in the
GSB feature of PbSe NPLs mainly at their emission wavelengths
(985 nm and 1050 nm) over the course of the measurement.
We find the bleach contribution of pristine PbSe NPLs at
985 nm to have significantly decayed after 3.5 ns, while the
CdCl; treated samples still exhibit a considerably higher contri-
bution at 1050 nm after 3.5 ns. This is in good agreement with
the measured PLQY values of the samples (2.3 % before and
35.3 % after the CdClz treatment). Figure 3b depicts the exciton
decay dynamics of PbSe NPLs with the GSB features of pristine
and CdCl: treated PbSe NPLs being long-lived generally (ex-
ceeding the measurement time window of 6 ns, Figure S6),
which is well in accordance with the PLQY found for both sam-
ples. The decay dynamics of the pristine PbSe NPLs are fitted
biexponentially (T1Bleach = 5-5 1+ 1.5ps, TyBleach =
400 + 160 ps), while CdCl; treated samples can be described
with a single exponential decay (7151eqcn = 19 + 4 ps), render-
ing the treatment efficient for reducing non-radiative recombi-
nation in PbS NPLs and leading to their PLQY increase.

PL Contributions

The absorption and PL spectra of PbSe NPLs and associated
TEM images before and after the CdClz treatment are shown in
Figure 4 (size histograms in Figure S8). We find two compo-
nents contributing to the PL lifetime, which is apparent from
the slightly asymmetric shape of the PbSe NPL PL (Figure 4a)
and has been described for PbS and PbSe NCs.59.60 We fit the PL
spectra with the sum of two Gaussians316162 and the Gaussian
centered at higher energy (labeled A) is ascribed to the PbSe
bandgap associated PL, while the lower energy PL (labeled B)
is related to surface traps.62

Table 2: PL lifetimes of pristine and CdCl: treated PbSe
NPLs (emitting at 940 nm and 980 nm, resp.)

PbSe TipL " TypL o
NPLs (ns) A1 (%) (ns) Az (%)
Pristine 168 40 1320 60
CdCl;

treated 168 15 1320 85

The PL lifetimes of PbSe NPLs (Figure 4b and Table 2) are fitted
biexponentially with the same time constants t,p; = 168 ns
and 7,p; = 1320 ns. They are longer than lifetimes typically
measured for PbSe NCs (100 - 200 ns) and in the same ballpark
as lifetimes determined for PbSe NPLs obtained by cation ex-
change (0.7 - 2.7 uS).20.63.64 For fitting the data, the PL lifetime
of the CdCl: treated PbSe NPLs was run freely, and the pristine
sample was fitted using fixed lifetime parameters with both
components exhibiting good residua (R2=0.98 and R2=0.97,
resp.). After the CdCl; treatment however, we find the contribu-
tion of the faster time constant significantly reduced from 40 %
to 15 % (Table 2), associated with an increase of the slower
time constant to 85 % (Table 2). We assign these contributions
to two radiative processes present in the PbSe NPL PL, with the
faster time constant related to surface trap state emission and
the slower time constant related to exciton recombination. The
decrease of the contribution of t,p; leads to an increase in the
PL lifetime and PLQY of the PbSe NPLs, rendering the CdCl: sur-
face treatment successful in fixing surface-related trap
states5+65 To assign the time constants extracted from the PL
lifetime measurements to their respective PL contribution, we
exemplary determine the PL lifetimes at the maxima of each
Gaussian fitted (see Figure S9 and Table S1) and find a biexpo-
nential decay, with different contributions of the two constants
to the respective PL decay. The shorter PL lifetime constant
(t1p1, = 168 ns) shows higher contribution at the maximum of
peak B and is thus assigned to the trap state related emission,
while the longer PL lifetime constant (z,p; = 1320 ns) is domi-
nant at peak A and is assigned to the excitonic emission. Even
for pristine PbSe NPLs, the trap state emission shows a small
contribution, while the PL is dominated by the bandgap transi-
tion (ratio A:B 6.5:1). After the CdClz treatment, this effect is
further enhanced as is shown by the peak area ratio of feature
A (ratio A:B increasing to 22:1, see Table 3).

The FWHM of the excitonic PL peak A decreases slightly from
221 to 214 meV after the CdClz treatment, while the FWHM of
the PL peak B is significantly reduced from 217 meV to
149 meV (Figure 4a) further underpinning the positive effect of
the CdCl; treatment. All PbSe NPL samples synthesized in this
work follow this trend, and a FWHM of 180 - 220 meV is repre-
sentative for the NPL PL, independent of the respective PL max-
imum (Table S2). The FWHM of PbSe NPLs synthesized here are
slightly broader than FWHM typically obtained for PbSe NCs
(50 - 150 meV) that exhibit a bandgap below 1.5 eV as well as
PbSe NPLs synthesized by cation exchange (PL at 0.93 eV,
FWHM of 116 meV for contribution A).20.6266 We attribute the
PL FWHM values of the PbSe NPLs shown here mainly to their
lateral size distribution. However, PbS and PbSe NCs generally
exhibit tunable emission with decreasing PLQY values for in-
creasing NC sizes.6” For example, while the PLQY for small PbSe
NCs with a bandgap > 1.3 eV reaches 60 %, NCs with a bandgap
< 1.2 eV have a PLQY of less than 40 %.56.67 This renders the
PbSe NPLs shown here superior at shorter wavelengths (higher
energy) where their PLQY values match or even exceed the
PLQY of small PbSe NCs.
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Figure 4: PbSe NPL PL properties (emitting at 940 nm [pris-
tine] and 980 nm [CdCl: treated]). a) PL and absorbance. The
PL data was corrected for the transformation from the wave-
length to the energy scale by a Jacobian transformation.68 The
dashed lines represent a fit of the PL with the sum of two Gauss-
ians. b) MCS PL lifetime measurements, taken at each PL max-
imum and exhibiting a single exponential decay with increased
lifetimes after the CdClz treatment. c) and d) TEM images of the
pristine and CdCl: treated NPLs showing a slight NPL size in-
crease after the treatment.

Table 3: Values for the two Gaussians of pristine and CdCl:
treated PbSe NPLs (emitting at 940 nm and 980 nm, resp.)

FWHM peak

peak center eak area
(meV) p ratio

PbSe (eV)
NPLs

A B A B A B A:B

pristine 1.32 1.14 221 217 0.13 0.02 6.5

CdCl:

1.27 1.07 214 149 0.22 0.01 22.0
treated

TEM images shown in Figure 4c and 4d (as well as Figure 1)
underpin the lack of a NPL shape transformation upon CdClz
treatment. A small lateral size increase (from 3.6 x 3.1 nm?2 to
4.2 x 3.5 nm?2) gets apparent, which is also shown in the redshift
of the NPL absorption after the treatment. The lateral size most
likely originates from the additional reaction time after the
CdCl; treatment of the pristine NPLs. However, a change in the
thickness of the NPLs under CdClz treatment cannot be ruled
out completely and has been e.g. observed for CdSe NPLs.69-71
The CdCI2 treatment of PbSe NPLs is accompanied by a signifi-
cant increase of the PLQY with the highest value determined for

NPLs with an emission maximum of 1.27 eV (980 nm) from
14.7 % before to 37.4 %. Excitation spectra shown in Fig-
ure S10 additionally support the absence of a contribution of
spherical PbSe NCs as side products in the synthesis to the NPL
PL.

The chemical composition of the PbSe NPLs was determined by
EDXS (see Table S3). We find that the NPLs exhibit a slight Pb
excess before and after the CdClz treatment, which is typical for
PbSe NCs (Pb:Se ratio 1.2:1).72 The optical properties of PbSe
NPLs shown in Figure 4c and 4d only indicate small changes in
the NPL lateral size, which is supported by the TEM images.
Furthermore, after the CdClz treatment EDXS results show a
Cd:Cl ratio of 1.8:1, closely resembling the molecular ratio of
CdClz. This indicates CdClz acting as Z-type ligand for stabilizing
PbSe NPLs.43 However, chloride anions could also act as X-type
ligands, providing charge neutrality to the NPLs.5455

By assuming an inversely linear relationship between the PLQY
and the number of trap states in the PbSe NPLs, i.e. halving the
number of trap states results in a doubling of the PLQY, we es-
timate the fixing of surface related traps by treating the PbSe
NPLs with CdClz and conclude that nearly half of the initial sur-
face traps in pristine NPLs are saturated by the CdCl: treat-
ment.54 With larger NPLs, we consider if a single surface related
trap is sufficient to quench the NPL PL or if there is a difference
between single and multiple trap states per NPL73 and incorpo-
rate the hyperbolic proportionality between the bandgap and
the NPL edge length shown in Figure 2a.

1

PLQY « 3)
NTraps

Nrraps X Dfprs (4)
1

AE DnpLs ©)

PLQY « AE? (6)

We find a parabolic proportionality between the PLQY and the
PL position (see Figure S11) of PbSe NPLs underpinning that
either a single trap per NPL occurs or that these single traps
lack to quench the bandgap emission completely. For further in-
creasing the PLQY of PbSe NPLs, elaborate surface treatments
are currently investigated.

Conclusion

In conclusion, we have shown the first low temperature direct
colloidal synthesis of PbSe NPLs with distinct excitonic absorp-
tion features in the range of 800 - 1000 nm (1.6 - 1.3 eV). The
optical properties of the NPLs are tuned by controlling their lat-
eral dimension with the addition of octylamine and the reaction
temperature, with increasing octylamine amount and higher
reaction temperatures yielding larger NPLs. The efficient infra-
red PL of PbSe NPLs with QY values of up to 37.4 % between
900 - 1450 nm (1.4 - 0.9 eV) is obtained by their postsynthetic
treatment with CdClz. Transient absorption and time-resolved
PL spectroscopy reveal a considerable decrease of surface re-
lated trap states and non-radiative recombination in the PbSe
NPLs by the treatment, rendering them efficient colloidal quan-
tum emitters at telecommunication wavelengths.
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