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Colloidal PbSe nanocrystals (NCs) have gained considerable attention due to their efficient carrier multiplication and
emissions across near-infrared and short-wavelength infrared spectral ranges. However, the fast degradation of colloidal
PbSe NCs in ambient conditions hampers their widespread applications in infrared optoelectronics. It is well-known that
the inorganic thick-shell over core improves the stability of NCs. Here, we present the synthesis of PbSe/PbS core/shell
NCs showing wide spectral tunability, in which the molar ratio of lead (Pb) and sulfur (S) precursors, and the concentration
of sulfur and PbSe NCs in solvent have a significant effect on the efficient PbS shell growth. The infrared light-emitting
diodes (IR-LEDs) fabricated with the PbSe/PbS core/shell NCs exhibit an external quantum efficiency (EQE) of 1.3 % at
1280 nm. The ligand exchange to optimize the distance between NCs and chloride treatment are important processes for
achieving high performance on PbSe/PbS NC-LEDs. Our results provide evidence for the promising potential of PbSe/PbS
NCs over the wide range of infrared optoelectronic applications.
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1. Introduction

Infrared light-emitting diodes (IR-LEDs) and lasers have
been widely used for a variety of practical applications includ-
ing short- or long-range communications, medical diagnos-
tics, and security.!'=] Recently, near-infrared light-emitting
diodes (NIR-LEDs; 750-1400 nm of wavelengths) have been
implemented into smartphones, proximity sensing, automotive
gesture recognition, light detection and ranging (LIDAR) sys-
tems for self-driving cars, and virtual reality/augmented re-
ality (VR/AR) headsets for eye-tracking.!*! Thus, the TV—
VI semiconductor nanocrystals (NCs) such as PbX (X = S,
Se) are a focus of special interest owing to their unique in-
trinsic properties such as narrow band gaps, small effective
masses, and large dielectric constants, and IR optoelectronic
applications such as IR-LEDs, IR sensors, and array sensors
at near-infrared (NIR; 700-1400 nm) and short-wavelength in-
frared (1400-3000 nm).!”~'% The quantized electronic transi-
tion in PbX NCs has been reported to provide size-tunable in-
terband absorption and fluorescence emission at a broad and
technically important IR wavelength range, spanning 700-
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4000 nm.["'=13] Sharp exciton absorption features, high pho-
toluminescence (PL) quantum yield (QY ~ 30%-60%), and
high monodispersity (< 5%) of colloidal PbX NCs have been

[14-17] They have been extensively explored for fun-

reported.
damental studies, and incorporated into solar cells and IR-
LEDs. [8:18-25] Nevertheless, PbSe NC devices have received
less attention than their sibling material PbS NC devices
mainly due to more problematic air stability. PbSe NCs ex-
hibit spontaneous and irreversible PL peak blue shifting, ac-
companied by reduction in QY, over a period of days when
stored in air.?°=?8] The oxidation is ascribed to be the main
physical reason. To avoid oxidation and increase stability, the
growth of protective shell of a more stable material onto the
surface of PbSe NCs has been extensively investigated along
with PbS NCs. The synthetic efforts resulted in the synthesis
of PbSe/CdSe core/shell NCs via partial cation exchange, *”)
and epitaxial grown PbSe/PbS and PbSe/PbSe,S;_, core/shell
NCs.3% The former relies on the shell growth proceeding
through the gradual replacement of Pb cations by newly intro-
duced cations in solution and anion sublattice, accompanying
the decrease of the PbX core. Noticeable blue shifts of exciton
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peak in the absorption and emission spectra were observed af-
ter the cation exchange. The latter is performed by overgrow-
ing wider band gap PbS shells onto PbSe cores, i.e., by expos-
ing the core NCs to all the precursors of the shell elements.
Thus, the core size remains essentially constant during the
overcoating process. These core/shell NCs provide better air
stability by the shell protecting the PbSe core. For PbSe/CdSe
core/shell NCs, the excited electrons are partially delocalized
into the CdSe shell, > while the large valence band offset be-
tween PbSe!!®31] and CdSel*?! effectively confines the excited
holes to the PbSe core as seen in Fig. 1(a). For PbSe/PbS, and
PbSe/PbSe,S|_, core/shell NCs, the electrons are considered
to be confined in the core, while the holes are delocalized over
the entire core—shell heterostructures in Fig. 1(b).[!3:19:33.3]
Interestingly, the theoretical calculation by using & - p theory
on the PbSe/PbS core/shell NC showed that the electron and
hole wavefunctions spread out over the entire core/shell struc-
ture and their energy levels are determined by the total diam-
eter of the PbSe/PbS NCs.?*! The PbSe/CdSe and PbSe/PbS
core/shell NCs are classified as a so-called quasi-type II het-
erostructure system. In this type of heterostructure, one carrier
is delocalized over the entire NC, while the other is confined in
either the core or the shell. Thus, with a single shell layer such
as CdSe, PbS, and PbSe,Si_,, the NC surface still remains ac-
cessible to the charges and thus, the NCs are not fully isolated
from their environment.

(a) (b)
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Fig. 1. Schematic illustration of the energy band diagrams with possible
electron (blue line) and hole (red line) wavefunctions for (a) PbSe/CdSe
core/shell NCs and (b) PbSe/PbS core/shell NCs.

Recently, a quasi-type-II thick-shell CdSe/CdS system
demonstrated the benefits of both suppressed blinking and
Auger recombination due to a combination of size and carrier

(36371 The ability to simultaneously suppress blink-

separation.
ing and nonradiative Auger recombination has important im-
plications for optoelectronic applications such as LEDs 383
and low-threshold lasing.!*’! Thus, the development of syn-
thetic routes for PbX NCs with thick-shell is very desirable for
IR optoelectronic applications. Most works in the literature
related to PbSe/CdSe and PbSe/PbS core/shells NCs showed
relatively thin shells ~< 1 nm.?>3*#11 Growing thick shells
is much less explored for PbX NCs, even though they have
uniquely important technological benefits in LEDs and so-
lar cells by suppressing the Auger recombination.*®! Visible

LEDs fabricated with CdSe/CdS core/shell NCs demonstrated
clearly that thicker shell NCs improve the device performance
by about one order of magnitude compared to thinner shell
NCs.[#?] Recently, for growing a shell thickness > 2 nm,
PbSe/CdSe core/shell NCs through cation exchange!**! and
PbS/CdS/CdSe core/shell/shell NCs via nano-shell deposition
method were explored, and the dual emission in the infrared
and visible was observed from the core and the shell, respec-
tively, which may not be the ideal structure for IR device ap-
plications. Compared to the CdX shells, PbS is considered
a good candidate for a shell material because both PbSe and
PbS possess the same rock-salt crystal structure and similar
crystallographic parameters, resulting in a small lattice mis-
match (~ 3%; 6.12 A and 5.94 A for bulk PbSe and PbS,
respectively*#! ). The PbSe/PbS core/shell NCs with the shell
thickness of 1.8 nm were synthesized by the Lifshitz group
and excellent stability in air exposure was reported. *]
Motivated by these initial results, here, we report on the
synthesis and characterization of the PbSe/PbS core/shell NCs
by using a syringe pump shelling method and the device char-
acterization of IR-LEDs.[*!:*] Two syringe pumps are used
for the injection of Pb precursors (Pb-oleate) and S precursors
(TMS-S, the mixture of hexamethyldisilathiane (TMS) and 1-
octadecene (ODE)), which allows us to control the molecu-
lar ratio of Pb and S by adjusting the injection rate of either
pump, as to reach the desired quality for the final products.
The concentration of PbSe NC in toluene is determined by
measuring the absorbance at 400 nm and by using the extinc-
tion coefficient of the PbSe NCs (see details in the supporting

information). [4°!

2. Results and discussion

Absorption and photoluminescence (PL) spectra of the
PbSe core NCs and PbSe/PbS core/shell NCs with varying re-
action time of 7 min, 15 min, 20 min, and 25 min are shown
in Fig. 2(a). The exciton peak of the core PbSe NCs is lo-
cated at 1200 nm and their diameter is estimated as 3.7 nm
by using an empirical equation for the size dependence of the
energy gap: E; = 0.28 +4.43d7 134 +0.5554~462 147 where
the energy gap E, is expressed in units of eV and NC diam-
eter d in nm. The systematic shift of the exciton peak to the
longer wavelength in the absorption as well as emission spec-
tra is clearly observed with increasing reaction time, indicat-
ing PbS shell growth. From the TEM image in Fig. 1(b), the
physical diameter of the PbSe core is estimated to be 3.5 nm,
which agrees with the diameter obtained from the empiri-
cal equation. The TEM images of the PbSe/PbS core/shell
NCs with reaction time of 15 min and 25 min in Fig. 1(b)
also show the growth of the PbS shell. The diameters of the
PbSe/PbS core/shell NCs are estimated to 3.9 nm, 4.8 nm,
5.3 nm, and 6.8 nm for the reaction time of 7 min, 15 min,
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20 min, and 25 min, respectively. Thus, the thickness of their
PbS shell varies from 0.2 min to 1.7 nm with increasing re-
action time. The corresponding PLQYs decrease from 25%
for PbSe core NCs to 22.5%, 9.4%, and 10.5% for PbSe/PbS
core/shell NCs with the reaction time of 7 min, 15 min, and
20 min, respectively. The red-shift of the excitonic transition
can be explained by a relatively larger conduction band offset
(~ 0.155 eV) for electrons and a smaller valence band offset
originated from the small energy difference of bulk PbS and
PbSe (~ 0.025 eV),*¥] Jeading to the delocalization of holes.
The Stokes shifts and full widths at half maximum (FWHMs)
of the absorption and emission peaks obtained from fitting us-
ing a single Gaussian function decrease during the reaction as
the PbS shell grows (see Fig. S1 in the supporting informa-
tion), which are consistent with the reports from the Lifshitz
group.*#1 Tt is interesting to point out that the PbSe/PbS
core/shell NCs (Aex ~ 1600 nm) with a thickness of 1.8 nm
PbS shell from the Lifshitz group showed about 200-nm red
shift of the exitonic transition compared to the starting PbSe
core NCs (Aex ~ 1400 nm).BO] However, as seen in Fig. 2, the
PbSe/PbS NCs with reaction time of 25 min have a red shift
of 606 nm, even though the PbS shell thickness is estimated
as 1.7 nm from their TEM images, i.e., they show a 3 times
larger shift of the exciton transition by growing a similar PbS
shell. It may require a further study to understand the dif-
ference. Further, the exciton peak of the PbSe/PbS core/shell
CQDs has nearly the same position for at least 5 days (see the
supporting information), indicating better chemical stability of
the PbSe/PbS core/shell NCs compared to PbSe core NCs.

PbSe NC
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Fig. 2. (a) Absorption (solid lines) and emission (dotted lines) spectra of
PbSe core (black) and PbSe/PbS core/shell NCs with reaction time of 15 min
(red) and 25 min (blue). A red shift of the exciton peak with an increase of
the reaction time is clearly observed. (b) Typical TEM images of PbSe core
NCs (top) and PbSe/PbSe core/shell NCs with the reaction time of 15 min
(middle) and 25 min (bottom). Their sizes are estimated to 3.5 nm, 4.8 nm,
and 6.8 nm, respectively. The scale bars are 5 nm.

For epitaxially growing PbS shells, it is important
to control the sulfur concentration below the nucleation
threshold.!">! In our synthesis, the sulfur concentration is kept

below 100 mM. The molar ratio of Pb and S is also critical
for efficient PbS layer growth. Higher molar ratios of Pb/S
(> 2) lead to the relatively slow growth of the PbS shell (see
Figs. S2 and S3 in the supporting information). With the lower
concentration of PbSe NCs (< 10 mg/mL), another emission
peak appears with longer reaction time (> 10 min), which is
lower than the excitonic emission peak (see Fig. S3 in the sup-
porting information). This may originate from the nucleation
by Pb and S precursors or uneven PbS shell growth.

To study radiative lifetimes and LED performance, rela-
tively small PbSe core and PbSe/PbS core/shell NCs are used
due to the limited detection wavelength of our InGaAs detector
for PL lifetime measurements (Acyioff = 1350 nm). Thus, an-
other batch of PbSe/PbS core/shell NCs were synthesized with
the small-sized PbSe NCs having the exciton peak at 1021 nm
(diameter of 3.2 nm) and the emission peak at 1144 nm. These
samples allowed us to measure the QYs and PL lifetimes,
and to characterize the fabricated IR-LEDs together. Fig-
ure 3(a) shows the absorption and emission spectra of the core
PbSe and core/shell PbSe/PbS NC with the reaction time of
10 min. The 112-nm red-shift of the excitonic transition of the
PbSe/PbS core/shell NCs is observed and their emission peak
is located at 1280 nm. The corresponding QY's are measured
to be 29% and 23%, respectively.
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Fig. 3. (a) Absorption (solid lines) and emission (dotted lines) spectra of
the small-sized PbSe core and PbSe/PbS core/shell NCs. (b) PL decays
of the PbSe core NCs (black squares) with the decay constant of 1.9 ps
and PbSe/PbS core/shell NCs (red circles) with the decay constant of
2.5 ps. Solid blue lines: fits using single exponential decay functions.

The fluorescence lifetimes of the core PbSe NCs and
core/shell PbSe/PbS NCs were measured and fitted nicely with
the single exponential decay function. The decay constants
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of the core PbSe NCs and PbSe/PbS core/shell NCs are ob-
tained as 1.9 us and 2.5 s, respectively, as seen in Fig. 3(b).
PL lifetimes in the microsecond range have been reported

19501 It is inter-

in prior studies of colloidal lead-salt NCs.!
esting that the PbSe/PbS core/shell NCs have a longer life-
time. It is well-known that PL lifetimes become shorter and
QYs decrease when the size of lead-salt NCs increases.>%]
This phenomenon has been explained by the strong coupling
of exciton to the vibrational modes of capping ligands of
NCs.5153] Thus, when the electronic state in NCs with in-
creasing NC sizes are closer to the vibration modes of lig-
ands, typically C-H and N-H modes ~ 3330 nm, the reso-
nant energy transfer for intraband relaxation>*>! could work
as stronger nonradiative decay channels. Thus, the longer
PL lifetime of the PbSe/PbS NCs is a counterintuitive phe-
nomenon. However, this longer PL lifetime can be explained
by considering the energy level structure of the PbSe/PbS
core/shell NCs.

in type-1I (carriers spatially separated) heterostructures, the

Unlike the core-only and type-I systems,

electron—hole wavefunction overlap is reduced and even repul-
sive Coulomb interactions can be developed.>! Thus, this de-
creased spatial overlap causes longer PL decay times and the
reduction of QYs with the increased shell thickness.[3227-8]
The increased PL lifetime of the PbSe/PbS core/shell NCs
can be explained by the increasing delocalization of the hole
wave function with increasing shell thickness leading to the
decrease of the square of electron—hole overlap integral. Our
result agrees with the observation of longer radiative lifetimes
of the PbSe/PbS core/shell NCs compared to those of the cor-
responding cores. ]

The PbSe/PbS core/shell NCs described in Fig. 3 are
used to fabricate IR-LEDs on a prepatterned indium-doped tin
oxide (ITO)-coated glass substrate using solution processing
and surface treatment. The original oleic acid ligands from
the NCs are exchanged in film using mercaptooctanoic acid
(MOA) ligands, which have been used to yield a high ra-
diative recombination rate within the active layer by adjust-
ing the spacing between NCs.[® The CdCl, treatment is fol-
lowed after the MOA-ligand exchange, which has been re-
ported to enhance the chemical stability of PbSe NCs against
oxidation and increase PLQYs by passivating defects.[00-62]
The LED architecture is inspired by prior studies with PbS
NC-LEDs (organic-NC-inorganic hybrid), which have shown
high efficiency.*?! Figure 4(a) shows the schematic structure
of the fabricated devices consisting of a ZnO nanoparticle
(NP) electron-transporting layer (ETL) and an organic small
molecule hole-transporting layer (HTL) of 4,4-bis(carbazole-
9-yDbiphenyl (CBP), sandwiching a film of NCs in an inverted
device architecture. Thin films of ITO, gold (Au), and molyb-
denum trioxide (MoQj3) serve as the cathode, anode, and hole-
injection layers, respectively.[°>%*1 An energy level diagram of

the PbSe/PbS core/shell NC-LEDs is shown in Fig. 4(b).l182]

(a) Au electrode
MoOj3 layer
CBP layer

PbSe/PbSNC-MOA film

ZnO NP layer

/ ITO substrate

—2.8

ITO
—-4.7

—7.7

Fig. 4. Device structure. (b) The energy level diagram of the PbSe/PbS
NC-LEDs.

Figure 5(a) exhibits the PL spectrum (black line) of the
PbSe/PbS NCs in tetrachloroethylene (TCE), and electrolumi-
nescence (EL) spectra of MOA-capped (red line) and MOA-
capped/Cl-treated (blue line) PbSe/PbS NC-LEDs. The peak
positions of the EL spectra match well with the PL spec-
trum, except that in the EL spectra, their spectral linewidth
and line shape are wider and more asymmetric. The broaden-
ing of linewidth and the change of line shape from PL to EL
can be attributed to the deep traps at the surface of the NCs.
The recent study showed that emission from individual PbS
NCs arises from a pinned-charge defect state and a band-edge
state leading to the PL asymmetry.[%! It is also expected that
the emission of the PbSe NCs originates from defects and a
band-edge state due to similar optical properties of both NC
materials. Thus, it is likely that the MOA-ligand exchange
modifies the surface of the PbSe/PbS core/shell NCs and gen-
erates the deep trap states at the surface of the NCs, which
lead to the asymmetric shape and broadening of the emission
peak. In addition, the similar EL shape in MOA-capped and
MOA-capped/Cl-treated devices with the slightly broadened
EL spectrum of the MOA-capped/Cl-treated device leads us
to conclude that the Cl-treatment does not provide adequate
surface passivation for the deep traps after a MOA ligand ex-
change though the stability of PbSe/PbS NC film was quite

018503-4



Chin. Phys. B Vol. 29, No. 1 (2020) 018503

enhanced. After the device characterizations in ambient condi-
tion, the MOA-capped PbSe/PbS NC-LEDs degraded quickly
in less than one day. On the other hand, the Cl-passivated de-
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Fig. 5. (a) PL (black line) spectrum of PbSe/PbS NCs in TCE and EL spectra of MOA-capped (red line) and MOA/Cl-treated (blue line) devices. (b)
Electrical characteristics of MOA-capped (red circles) and MOA/Cl-treated (blue circles) devices. Fitted results are displayed by the wine lines for
MOA-capped devices and by green lines for MOA/Cl-treated devices. (c) Radiance—voltage characteristics of these devices. (d) External quantum
efficiency—current density performance of these devices. Error bars indicate the standard deviation of device-to-device variations.

Figure 5(b) shows the typical current density—voltage (J—
V) behaviors for both MOA-capped (red circles) and MOA-
capped/Cl-treated (blue squares) PbSe/PbS NC-LEDs. In
the MOA-capped/Cl-treated NC-LEDs, the current density
increases linearly with voltage below 2 V, i.e., the Ohmic
regime: J o< V (dotted green line) and then, enters a trap-
limited space-charge conduction regime, which can be fitted
by J o< V7 (solid green line) according to the Mott—Gurney
equation.[°0-%81 This is consistent with the electrical charac-
teristics of PbS core and PbS/CdS core/shell NC-LEDs having
the similar device structure.!”’! Interestingly, the J-V charac-
teristics of the MOA-capped NC-LEDs is fitted well by J o< V2
at low voltages (V < 3 V) (dotted wine line), implying that
the current is the space-charge limited (SCL). It could be ex-
plained by a result of filling all the traps at low voltages. How-
ever, at higher voltages, it can be seen that the voltage de-
pendence of current, J o< V86 (solid wine line), exhibits the
SCL behavior with traps again. Now the physical mechanisms
about the different dependence at low voltages is unclear. Fur-
ther studies are required to understand this behavior.

The effect of the Cl-treatment on MOA-capped NC-LEDs
can be clearly observed in Figs. 5(c) and 5(d). The radiance—
voltage plot in Fig. 5(c) shows that the Cl-passivation results
in a reduction in turn-on voltage from 5 V to 4 V. This may

be due to more efficient NC charge injection by reducing par-
tially the deep traps at the surface of the PbSe/PbS core/shell
NCs from the MOA treatments. Besides, the breakdown volt-
age of the devices is improved from 8 V to 9 V by the CI-
passivation as seen in Fig. 5(c). However, the turn-on volt-
ages are still much higher than those of PbS NC-based LEDs
(1.4-2 V) having similar device structure.*”! The energy bar-
riers for electron and hole injection of our devices should be
lower than those of PbS NC-based LEDs under the similar
platform due to the lower LUMO and HOMO levels of the
PbSe core and PbSe/PbS NCs (see Fig. S5 in the supporting
information).'819491 1t could be attributed to a result of the
high barriers of the surface states induced by the MOA ligand
exchange. The presence of any surface states could be influen-
tial in determining the voltage required for electron and hole
injection from the ETL and HTLs.

The external quantum efficiency (EQE)—current density
data are shown in Fig. 5(d). The MOA-capped and MOA-
capped/Cl-treated PbSe/PbS core/shell NC-LEDs exhibit av-
erage EQEs of 0.6+0.26% with a peak EQE of 1% and 0.73 £
0.52% with a peak EQE of 1.3%, respectively. EQE—current
density has the power-law dependence such as EQE o< J~%-6
with different coefficients. In our knowledge, these are the
best performance from PbSe NC-based IR-LEDs.[%791 The
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performance of our PbSe/PbS core/shell NC-LEDs is worse
than that of the recent PbS NC-based IR-LEDs with EQEs of
4-8%22:23.25] pyt it is not far behind. Besides, it should be
noted that due to the detector limitation of our EQE setup,
the EL spectra could not be measured with the current den-
sity less than 5 x 1072 A/cm?. Recent high EQEs of PbS
NC-based IR-LEDs were measured at the current densities of
1073-10~% A/cm? and our device area (4 mm?) is slightly
larger than that (~ 3.1 mm?) of the reported PbS NC-based
IR-LEDs. [3:23.25] Taking into account these two factors, the
peak EQEs of our PbSe/PbS core/shell NC-LEDs could reach
higher EQEs such as ~ 3% in the current densities of 107>~
10~* A/cm? (see the fitted result in Fig. S6 in the supporting
information). Further, the current device platform may not be
the optimal structure for PbSe NC-based LEDs. Considering
that no attempt was made to optimize the performance, the re-
sults are encouraging, and we expect that significant improve-
ment can be made.

The ligand exchange and the shell in the PbSe NC-
based LEDs play important roles in device performance due
to the optimized inter-distance between NCs and the enhanced
chemical stability to oxidation. The fabricated devices with-
out MOA-ligand exchange did not emit light even though the
previous IR-LEDs with PbS core and PbS/CdS core/shell NCs
exhibited good device performance without a ligand exchange
under the similar device structure.*?! It may be attributed to
the use of thicker NC layer in our devices ( ~ 20 nm) due to
the higher surface roughness of the ZnO NP layer (dz,0 = 4—
5 nm). In addition, the PbSe NC film is quickly oxidized dur-
ing the MOA ligand exchange in the glove box.

One advantage of PbSe/PbS NCs over their siblings PbS
or PbS/CdS NCs on IR-LEDs is that no charge transfer is ex-
pected from most PbSe or PbSe/PbS NCs to the metal ox-
ide ETLs such as ZnO, TiO,, and SnO, due to the lower
LUMO levels of the PbSe core and PbSe/PbS core/shell NCs
(dne > 4 nm) compared to the conduction band of the metal
oxides.!'341 On the other hand, the charge transfer from PbS
or PbS/CdS NCs to metal oxides layers including ZnO is ex-
pected when their sizes are smaller than 10 nm!'%?%! (see
the energy level diagram of PbS and PbSe NCs, and ZnO in
Fig. S5 of supporting information).

3. Conclusions

In summary, the PbSe/PbS core/shell/ NCs showing wide
optical tunability (from 1200 nm to 1772 nm) are success-
fully synthesized by controlling the reaction time and molar
ratio of Pb and S precursors. We employ the PbSe/PbS NCs
in hybrid organic-NC-inorganic LEDs, and the best perfor-
mance is achieved using MOA-capped/Cl-treated PbSe/PbS
NCs. A peak EQE of 1.3% with an average EQE of 0.73%
at 1280 nm is the highest number among PbSe NC-based IR-
LEDs. Our results demonstrate that the PbS shell is critical for

better chemical stability in PbSe NC-based LEDs, along with
the improved radiative recombination by the optimized inter-
distance between NCs. We believe that further optimization
work will improve the device performance and reach compa-
rable performance to that of PbS NC-based IR-LEDs.

Supporting information available

Description of NC synthesis, optical characterizations,
and fabrication of LEDs, and additional data analysis are pro-
vided in the supporting information.
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