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Lead-free rare-earth double perovskite
Cs,Agln,_,_,Bi,La Clg nanocrystals with highly
efficient warm-white emission

Hang Yin'"’, Qingkun Kong', Ruiling Zhang', Daoyuan Zheng', Bin Yang” and Keli Han"*’

ABSTRACT Lead-free double perovskite nanocrystals (NCs),
such as Cs,AgInCl,, have attracted considerable attention as
stable and non-toxic alternatives to lead-based perovskites.
However, the low photoluminescence (PL) intensity of pristine
Cs,AgInClg limits its practical applications. In this study, a
series of Cs,AgIn,_,_,Bi,La Clg NCs were synthesized to break
the parity-forbidden transition and modify the associated
optical functionalities. A broadband bright warm-white
emission in the visible region was achieved, with an excellent
PL quantum yield of 60%. The dynamic mechanism, involving
ultrafast transient absorption, suggests that high-efficiency PL
is induced by triplet self-trapping exciton emission. The in-
corporation of La’*-Bi** facilitated the singlet-triplet transi-
tion by increasing the lifetime and quickening the intersystem
crossing process. This finding provides a reliable method for
optimizing the optical properties of emerging lead-free halide
perovskite NCs.

Keywords: lead-free, double perovskite, nanocrystal, La**-Bi**
co-doping, photoluminescence

INTRODUCTION

Lead-free halide perovskite nanocrystals (NCs) have at-
tracted much research attention due to their nontoxicity,
finite-size electronic effects, and tunable emission in the
visible region [1-5]. One of the most widely studied all-
inorganic lead-free halide double perovskites (DPs) is
Cs,AgInClg, which has a three-dimensional structure si-
milar to lead halide perovskites (LHPs) exhibiting “defect
tolerance” [6-8]. Its large fundamental bandgap makes
Cs,AgInClg suitable as a matrix for tuning photo-
luminescence (PL) [9]. However, the parity-forbidden
transition in Cs,AgInCly results in extremely low radia-
tive recombination rates, leading to a low PL quantum

yield (PLQY) [10]. To solve this problem and improve its
efficiency, one practical approach involves partially sub-
stituting Ag" or In’* with activator ions [11-13]. Alloying
activator jons into Cs,AgInCly; NC sustains the DP
structure, while breaking the dark transition by altering
the symmetry of the wavefunction and reducing the
electronic dimensionality [14]. Through extensive re-
search, the PLQY of this type of NCs has been increased
up to ~36% [15], which is still impracticably low.

In this study, we synthesized a series of
Cs,Agln,, ,Bi,La,Clg NCs. The electron-shell configura-
tion of lanthanum is 5d' 65, which is different from that
of indium. Therefore, alloying La>* into the lattice of
Cs,AgInClg produced an allowed transition, accompanied
by a broadband, bright, warm-white emission. However,
La™" incorporated into Cs,AgInCls would produce de-
fects. To reduce the number of these defects, La’*-Bi’"
was coalloyed to modify the lattice, creating a new lower-
energy optical absorption channel. Crucially, the opti-
mized sample exhibited a PLQY of 60%, which is the
highest reported value for this type of NCs. The dynamic
mechanisms of Cs,Agln, , ,Bi,La,Cl; NCs were further
studied by combining the results of steady-state absorp-
tion and emission, nanosecond transient emission
(nsTE), and femtosecond transient absorption (fsTA).

EXPERIMENTAL SECTION

Materials

Cesium acetate (CsOAc, 99.99%, Alfa Aesar), silver
acetate (AgOAc, 99.99%, Alfa Aesar), indium acetate
(In(OAc);, 99.99%, Alfa Aesar), lanthanum acetate
(La(OAc);, 99%, Alfa Aesar), bismuth acetate (Bi(OAc)s,
99.99%, Alfa Aesar), benzoyl chloride (BzCl, 99%, Alfa
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Aesar), 1-octadecene (ODE, 90%, Alfa Aesar), oleylamine
(OLA, Aladdin, 80%), oleic acid (OA, 90%, Alfa Aesar),
and n-hexane (97%, Aladdin) were used as received.

Synthesis

The Cs,AgInCly NC was prepared by a one-pot hot in-
jection method. Briefly, 1 mmol of CsOAc, 0.5 mmol of
AgOAc, and 0.5 mmol of In(OAc); were dissolved in a
mixture of ODE (10 mL), OA (3 mL), and OLA (0.8 mL),
and the mixture was degassed at 110°C under vacuum for
2 h. Thereafter, the solution was heated to 125°C in a N,
atmosphere. Upon reaching this temperature, 0.40 mL of
BzCl in 1.13 mL of ODE was swiftly injected. After 2 min,
the reaction mixture was cooled to room temperature
using an ice-water bath. This crude reaction solution was
centrifuged at 10,000 rpm for 10 min. The brown-colored
supernatant was decanted, and the precipitate was re-
suspended in 5mL of n-hexane and fully dissolved by
sonication. This solution was then recentrifuged at
6000 rpm for 8 min. The pellet was discarded, and the
supernatant was collected and stored under inert condi-
tions.

Cs,Agln,, ,Bi,La,Cl; NCs were synthesized using the
same protocol, except adding appropriate amounts of
La(OAc); or Bi(OAc), to the reaction mixture. At x = 0,
the amounts of La(OAc); (fed at y = 0, 0.05, 0.15, 0.25,
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0.35, and 0.45) were 0, 0.025, 0.075, 0.125, 0.175, and
0.225 mmol, respectively, for Cs,Agln,_La,Clg NCs. The
optimum value of y was found to be 0.25 (0.125 mmol),
for which the best PL properties were obtained. There-
fore, we finalized this composition when synthesizing
Cs,Agln, ;5 BiLay,sCly NCs. The amounts of Bi(OAc);
and In(OAc); (fed at x = 0.15, 0.30, 0.45, 0.60, and 0.75)
were 0.075, 0.15, 0.225, 0.30, and 0.375 mmol, and 0.30,
0.225, 0.15, 0.075, and 0.00 mmol, respectively. All the
NCs prepared were dispersed in n-hexane to form col-
loidal solutions.

RESULTS AND DISCUSSION

To separately investigate the effect of La>* substitution on
the structure and optical properties of the NCs, we in-
itially did not incorporate Bi'" into NCs, i.e., x = 0. The
powder X-ray diffraction (PXRD) pattern of Cs,AgInCl
NCs (Fig. S1) shows that it crystallizes in the Fm-3m
space group of the face-centered cubic crystal system. The
PXRD patterns for Cs,Ag In; ,La,Cls (y = 0, 0.05, 0.15,
0.25, 0.35, 0.45) are shown in Fig. la. As the amount of
incorporated La’* increased, the (220) peak shifted
monotonically towards higher 20 values, probably be-
cause La’* has a larger ionic radius (104 pm) than In’*
(94 pm). Such inhomogeneity of ionic radii may alter the
crystal symmetry and create lattice defects. This material
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(a) XRD patterns of the NC powders for Cs,Agln, La,Clg (y = 0, 0.05, 0.15, 0.25, 0.35, 0.45). (b) TEM and (c) HRTEM images of

Cs,AglIng;sLay,5Cls NC. (d) HRTEM images of Cs,Agln, ;sLa,,5Clg (top) and pristine Cs,AgInClg NCs (bottom). (e) Absorption spectra of NCs in
hexane solution. The insets are the Tauc plots of the band edge transition for Cs,AgIn,;sLa,,sCls and pristine Cs,AgInCl; NCs. (f) PLQY for
Cs,Agln,_, BiLa Cls (while x = 0 represents Cs,AgIn; ,La,Clg, y = 0.05, 0.15, 0.25, 0.35, 0.45; while y = 0.25 represents Cs,AgIn, ;s ,Bi,Lag,;Cls, x =
0.15, 0.30, 0.45, 0.60, 0.75, respectively). (g) EEM spectrum for Cs,Agln, ;sLag,;Clg.
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exhibited relatively high stability in air, exposure to which
did not alter its diffraction peaks even after three months.
The defects formed due to the substitution of In>* by La>
were observed in the transmission electron microscopy
(TEM). As shown in Fig. 1b and Fig. S2, the Cs,Agln, ;5-
La,,5Clg NCs were cubical in shape with edge lengths of
~13.3 nm and retained their size distribution and struc-
tural integrity. The results of scanning transmission
electron microscopy-energy-dispersive X-ray spectro-
scopy (STEM-EDS) (Fig. S3 and Table S1) are close to
those of inductively coupled plasma-optical emission
spectrometry (ICP-OES) (Table S2), roughly matching
the In/La ratio in the precursor. The high-resolution TEM
(HRTEM) images (Fig. 1c and d) confirm the lattice
spacing values of 3.70 and 2.63 A, corresponding to the
(220) and (400) planes, respectively.

However, the number of inherent crystal defects found
in the Cs,AgIn, La,Cls samples (Fig. 1d, top) was larger
than that found in pristine Cs,AgInCl; NCs (Fig. 1d,
bottom). The microstructure of the defects may affect
their corresponding optical properties. Their steady-state
absorption spectra (Fig. le and Fig. S4) showed that the
Urbach tail became monotonically stronger and longer
with increasing La’* fraction. These features may be at-
tributed to the structural disorder induced by the for-
mation of intrinsic defect [16-18], which agrees well with
the aforementioned HRTEM results. The PL excitation
(PLE) spectra for Cs,Agln, ,sLa, ,;Cl, obtained at different
emission wavelengths are shown in Fig. S5. Relative to its
absorption spectrum, another intrinsic PLE peak ap-
peared at 345 nm, corresponding to the absorption band
edge range. The peak position did not change upon
tuning the monitored wavelength. This result confirmed
the existence of defects, which may be crucial for break-
ing the dark transition. The parity-forbidden transition
for Cs,AgInCly NCs occurs at ~300 nm [19], and the
modified absorption band edge may alter the associated
transition and optical bandgap. The detailed absorption
spectra in the vicinity of the absorption onset
(1.75-3.75eV) for Cs,Aglng,sLa;,:Cly and pristine
Cs,AgInClg NCs are shown in the inset of Fig. le.
Compared with the previously reported generally re-
cognized bandgap (3.37 eV) of Cs,AgInCly [20], the sig-
nificantly decreased absorption onset energy, depicted in
the Tauc plot, indicated the narrowing of the bandgap
(3.10 eV) due to La>" alloying.

According to previously published reports, defect for-
mation is highly likely to result in unpredictable PL
[21,22]. As expected, significant differences in intensity
were observed between the PL spectra of pristine
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Cs,AgInCl and Cs,Agln, ;sLa,,5sClg, following excitation
at 295 nm (Fig. S6). The PL intensity of Cs,AgInCly was
found to be very low, with the PLQY being <1%, while a
broadband bright warm-white emission was achieved for
a La’* fraction of 25%, with the PLQY being ~20%
(Fig. S7). At this excitation wavelength, Cs,Agln,,sLa, ,5-
Cl; exhibited an emission intensity ~60 times higher than
that for Cs,Agln,gsLag osClg. With further increase in La™*
fraction, the bright PL emission dimmed gradually
(Fig. 1f), and the PL peaks exhibited a gradual hypso-
chromic shift (Fig. S8). Even more detrimentally, the NCs
became unstable and difficult to synthesize at La>" frac-
tions >25%. Hence, we consider y = 0.25 to be the opti-
mum La’" fraction. The overall PL emission for
Cs,Aglng ;sLa,,5Clg can be estimated from the total lu-
minescence spectra (excitation-emission-matrix spectra,
EEMs), as shown in Fig. 1g. The strongest PL peak ori-
ginated from the maximum excitation at 293 nm, which
may be inferred to be a parity-allowed transition.

The incorporation of Bi*" is believed to improve crystal
perfection and promote exciton localization [23,24].
Therefore, La*"-Bi’* coalloying may be a feasible ap-
proach to modify the lattice structure further in order to
tune the optical properties. For maintaining the afore-
mentioned optimum La’* fraction, a series of
Cs,Agln, ;s BiLay,;Cly NCs were synthesized for x =
0.15, 0.30, 0.45, 0.60, and 0.75. The XRD patterns of all
the Cs,Agln ;s BiLaj,sClg NCs are depicted in Fig. 2a
and Fig. S9. The peaks corresponding to the (022) plane
(Fig. S10) showed a monotonic shift to smaller diffraction
angles with increasing Bi’* fraction due to the lattice
contraction, consistent with previously reported results
for Bi3+-alloyed Cs,AgInClg [15]. The successful alloying
of Bi’" ions was confirmed by the results of X-ray pho-
toelectron spectroscopy (XPS) (Fig. S11). The detailed
TEM images are shown in Fig. S12. As expected, the
HRTEM image of Cs,Agln,¢Bij sLay,sClg NC (Fig. 2b)
revealed high crystallinity. The STEM-EDS elemental-
mapping images for each element in Cs,Agln,¢Bi,s-
La,,sClg (Fig. 2¢) attested to the homogeneous elemental
distribution colocalized in NCs. With increasing Bi’*
fraction, the NCs exhibited distinct modification to their
optical properties.

The suppressed absorption tail of Cs,Agln, ;s BiLa,,s-
Cly confirmed the effective tuning of sub-bandgap defect
states. With increasing Bi** fraction, the excitonic peak
exhibited a slight red shift, particularly in Cs,Aglne-
Bij5Lay,5Cls. An intense excitonic peak at ~380 nm was
observed (Fig. 2d), which might arise from the direct Bi*"
s-p transition [25,26]. At this excitation wavelength,
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Figure 2 (a) XRD patterns of the NC powders for Cs,AgIn, ;s ,BiLa,,sCls (0.15 < x < 0.75) and reported XRD pattern for Cs,AgBiCl; (ICSD
291598). (b) HRTEM image of Cs,Agln,¢Bij 5La0,5Clg NC. (c) Elemental mappings in Cs,AgIn,¢Bij,5La,,sCls NC. (d) NC absorption spectra in
hexane solutions. The inset is the image of Cs,Aglng;s_BiLay,;Cls NCs under 365-nm UV light. (e) Normalized PL spectra for
Cs,AglIny ;5-,Bi,La,,sClg NCs. (f) PL spectra of Cs,AgIn,¢Biy 5Lay,5Cls and Cs,Agln,¢Bij,Clg NCs. The inset is the image of Cs,Agln,¢Bij5Lay,5Cls

(left) and Cs,Agln,¢Bi,,Clg (right) NCs under 365-nm UV light.

Cs,Agln, ;5 BiLay,sCly NCs exhibited a broadband
emission with a peak at ~560 nm (Fig. 2e). In addition,
the weak PL peak at 395 nm corresponds to the band-
edge exciton emission, as demonstrated in our previous
study [27]. The strong PL peak at ~560 nm exhibited a
slight red shift as x increased from 0.15 to 0.75. Under
this condition, the color temperatures increased mono-
tonically based on the locus of points in a chromaticity
coordinate diagram (Fig. S13). Increasing the Bi*" fraction
gradually decreased the PLQYs (Fig. 1f) and PL intensities
(Fig. S14) of Cs,AglIn,,s BilLay,sCl; NCs. Particularly,
Cs,Agln, ¢Bij sLa, ,5Clg showed an emission intensity ~50
times higher than that of Cs,Agln,¢Bi,,Cls at an identical
In’*/Bi’* ratio (Fig. 2f), indicating that La>"-Bi’" coalloy-
ing is an effective approach to further enhancing the ef-
ficiencies of NCs. The PLQY was increased by 60%, which
is the highest value reported thus far (Fig. S7). Interest-
ingly, the PL spectrum of Cs,Agln, ¢Bi 5La,,5Clg strongly
resembles that of Cs,Agln,;sLa,,sCls, and large Stokes
shifts are evident in both cases. This indicates that the
effective radiative transition may originate from the same
energy state due to similar charge-carrier trapping pro-
cesses.

To evaluate the intrinsic nature of the charge-carrier
trapping process, we carried out PL measurements over
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the temperature range of 80-300 K. Fig. 3a, b show the
pseudo-color  plots for  Cs,Aglng,sLa;,;Cly and
Cs,Agln, ¢Bi, ;sLag,;Cls, respectively. Both compounds
exhibited higher PL intensities at lower temperatures.
Interestingly, an additional PL peak at ~480 nm was ob-
served at lower temperatures (Fig. 3a), indicating that
Cs,Agln ;sLa, ,5Clg exhibits dual radiative recombination.
Fig. 3c and Fig. S15a show that the PL intensity of
Cs,Agln, ;sLa,,5Clg did not change appreciably over the
entire tested temperature range, with the maximum in-
tensity being exhibited at 250 K. The temperature-stable
emission suggests that the outermost electron of La™" is
effectively screened from the surrounding defect sites by
the closed 5s°5p° outer shell of La’". In contrast, the
emission of Cs,Agln,¢Bi, sLa,,sCls is evidently depen-
dent on temperature, with its PL intensity increasing with
decreasing temperature. The intensity curve plateaus at
temperatures below 200 K, which arise from a thermally
driven back being more difficult at lower temperatures
[28]. The exciton-phonon coupling strength also plays an
important role in the charge-carrier trapping process
[29,30]. Fig. 3d summarizes and compares the PL full
width at half maximum (FWHM) of the two materials.
The significant change in the PL FWHM with tempera-
ture can be attributed to the strong exciton-phonon

November 2021 | Vol.64 No.11
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Figure 3 Pseudo-color plots of temperature-dependent PL spectra from 80 to 300 K of (a) Cs,AgIn,,sLa,,sCls and (b) Cs,Agln,¢Bij5Lag,5Cls.
(c) Temperature-dependent PL peak intensities and (d) FWHMs of Cs,AglIn,;sLa,,sCls and Cs,Aglng¢Big 5Lag ,5Cl.

coupling [31]. In this study, the FWHMs of
Cs,Agln, ;sLa,,sClg and Cs,Agln, ¢Biy 5La,5Cls broaden
from 540 and 480 meV to 621 and 660 meV, respectively.
Both the longitudinal optical (LO) phonon modes are
located at ~295 cm ' (E;,, ~ 36 meV), as determined from
the Raman spectrum measurements (Fig. S16). Based on
these parameters, the fitted electron-coupling constant for
the former is y; o = 210 meV and that for the latter is yq
= 330 meV. The strong carrier-phonon coupling may
induce intrinsic self-traps.

The linear dependence of the PL intensity at 560 nm on
the excitation power density (0.37-51.4 mW) (Fig. S17)
suggests that the emission does not arise from permanent
defects. A probable reason for the large Stokes shift,
strong carrier-phonon coupling, and broad emission is
the self-trapping exciton (STE)-emission, as observed in
other DPs [32,33]. Since band edge states do not influence
STEs [34], Cs,Agln, s, Bi,La,,5sCly NCs may reasonably
change their bandgaps, without affecting the position of
their PL peaks. To unveil the entire dynamics of the decay
process, we then performed nsTE spectroscopy. Fig. 4a
reveals a microsecond-long lifetime across the visible
region, which may be justifiably assigned as the triplet
STE-emission. La’* incorporation dramatically prolongs
the PL lifetimes by dozens of orders of magnitude
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(Fig. S18). The long-lived component of the
Cs,Agln ¢Big 5Lag,5Cls NC (~7.2 ps) is longer than that
of the Cs,Agln;sLa,,;Clg NC (~3.0 ps), as shown in
Fig. 4b. These values are consistent with the results ob-
tained from the time-resolved PL (TRPL) measurements
using time-correlated single-photon counting (TCSPC)
(Fig. 4c and Fig. $19). With increasing Bi’* content in
Cs,Aglng ;5-,BiLay,sCly NCs, the lifetimes changed sig-
nificantly when probed at 560 nm. Compared with the
other studied Bi’* contents in Cs,Agln, ;5 BiLag,5Clg
NCs, the Cs,Agln,¢Bi; 5Lay,5Clg NC exhibited slower
decay at 560 nm. Generally, the trend of longer PL life-
times was accompanied by enhanced PLQYs, illustrating
that adding reasonable Bi’" contents could be an effective
approach to inhibiting the non-radiative recombination
processes. The TCSPC was measured at low temperatures
(Fig. S20) to investigate the difference between Cs,-
Aglng,sLay,5Cls and Cs,Aglng¢Big sLag,5Cls. At 80 K, the
component at ~800ns dominates the radiative re-
combination (99.99%) in Cs,Agln,sLa;,sCly NC, sug-
gesting that intersystem crossing (ISC) was thermally
inhibited at low temperatures. In this case, the PL emis-
sion at 480 nm may be retained for singlet STE-emission.
In contrast, there are few changed lifetimes in Cs,-
Agln, (Bi; sLa, ,;Clg NC at low temperatures (Fig. S20b).
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Figure 4 (a) Pseudo-color plot of nsTE spectroscopic analysis of the Cs,Agln, ¢Bi, ;5Lay,5Clg NC. (b) TE spectra probed at 560 nm. (c) TRPL kinetics
of Cs,Aglng ;s BiLag,sClg NCs. (d) Pseudo-color TA plot of Cs,Agln,;sLay,5Cls NC. (e) Normalized PIA onsets for Cs,Agln,;sLag,sCls and
Cs,Agln, ¢Bij5La,,5Clg. (f) TA kinetics of Cs,Agln,;sLa,,5Cls probed at 480 and 560 nm.

To investigate the photophysical process in detail, we
performed fsTA (pump-probe) spectroscopy, which could
provide more direct evidence for exciton self-trapping.
The pseudo-color TA plots for Cs,Agln,;sLa,,sClg and
Cs,Agln ¢Bij 5Lay,5Cls NCs, as functions of wavelength
and decay time, are presented in Fig. 4d and Fig. S21,
respectively. Both are observed under a broadband photo-
induced absorption (PIA) signal (Fig. S22) near the
steady-state emission range, which may be considered
direct evidence for the formation of STEs [28,35]. The
rise times of the PIA bands are plotted in Fig. 4e and
Fig. S23 to evaluate the formation of STEs. Fig. 4e shows
that the formation process of Cs,Agln,,sLa,,sCls is con-
siderably slower (0.36-0.73 ps) than that of Cs,Aglne-
Bij 15Lag,5Clg (0.13-0.15 ps), indicating that the narrower
potential barrier induced carrier transport upon La**-Bi’*
coalloying. The faster formation process may be attrib-
uted to the lowered excitation energy of Bi’". For the
Cs,Agln, ;sLa, ,sClg NC probed at 560 nm, the PIA decay
signal (Fig. 4f) can be fitted by three time scales: an ul-
trashort lifetime of 0.25-0.33 ps, a middling lifetime of
~40 ps, and a prolonged lifetime of >8 ns. As mentioned
earlier, the long-lived component has been observed by
nsTE spectroscopy, and is attributed to the triplet STE-
emission. However, when probed at 480 nm, the different
lifetimes for the long-lived component confirmed that
dual STEs coexist in the radiative transition process of the
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Cs,Agln, ;sLag ,5Clg NC. Therefore, it follows that the PIA
decay curve of the Cs,Agln, ¢Bi, sLa;,;Cly NC would not
possess the component of ~40 ps, which is only fitted by
an ultrashort lifetime of 0.35-0.43 ps and a prolonged
lifetime of >8 ns. The absent middling lifetime is rea-
sonable evidence for the trapping of inherent crystal de-
fects, consistent with the results of our previous study
[36]. In addition, the ultrashort component exists in both
materials and may be attributed to the ISC process from
the singlet to the triplet exciton state. The higher ISC rate
raises the singlet exciton fully to triplet STE states,
proving the effectiveness of defect engineering by in-
corporating Bi'" to promote localization of triplet ex-
citons. The broken symmetry-forbidden transition for
Cs,Agln, ¢Bij ;sLag ,5sCls would result in high-efficiency
triplet STE-emission. Consequently, the radiative transi-
tion eventually presents a bright warm-white emission.
The hypothetical photophysical process models are de-
picted in Fig. S24.

CONCLUSIONS

In summary, we have successfully synthesized a series of
Cs,Agln,, ,Bi,La,Clg NCs. Herein, we propose that al-
loying lanthanum or bismuth ions into colloidal
Cs,AgInClg NCs can break the parity-forbidden transi-
tion and modify their optical functionalities. Among all
the compounds investigated in this study, Cs,Aglngg-
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BiysLay,5Cls exhibited the best PL properties, with a
broadband bright warm-white emission. To the best of
our knowledge, this is the highest PLQY obtained for this
class of materials. The dynamic PL mechanisms for
Cs,Agln, ;sLag,sCly and Cs,Aglng¢Bij sLag,;Cls suggest
that high-efficiency PL resulted from triplet STE-emis-
sion. La>*-Bi’" incorporation improved the lattice defects,
created new optical absorption channels, and lowered the
potential barrier, thereby facilitating the transition of the
singlet exciton fully to triplet STE states, increasing the
PL lifetime, and expediting the ISC process. These factors
contribute significantly to the enhancement of the PL. We
hope that this strategy will help tune the optical func-
tionalities of other DPs in the future.
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