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Comparison of luminescent properties
of halide perovskite nanocrystals
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Halide perovskite nanocrystals of different anion compositions were synthesized using
the ligand-assisted reprecipitation method. It has been shown, that toluene is a more
suitable solvent compared to chloroform from the point of view of better nanocrystal
stability. Chloride perovskites reveal shorter lifetimes but weaker luminescence compared
to bromide ones. Embedding perovskite nanocrystals into poly(methyl methacrylate) films
leads to a significant shortening the lifetimes of the nanocrystals and much longer
stability of the samples. That makes them promising for the creation of fast scintillation
materials.
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ITopiBHAHHA JIIOMiHECIIEHTHUX BJIACTHBOCTEH raJIOT€HiJHUX NEPOBCKITHUX HAHOKPHC-
TaxiB y po3uunHax i moaimepHux mnuaiBkax. T.B.Ckpunnux, I.I.Becnaaosa, I.I.I'pauxina,
O.I.Bazin, CJI.€¢imosa, O.B.Coporin

Tanoremigni mepoBckiTHI HamOKpHCTanU PI3HOTO aHIOHHOTO CKJIaZy OyJaM CHHTE30BAHIL
METOZOM IIepeocaj:KeHHA 3 IiATPuUMKOI0 Jiramzie. Dyno mokasaHo, IO TOJNYyOJN € OinbIm
OPUAHATHUM PO3UNHHWKOM IIOPiBHAHO 3 XJIOPO(OPMOM 3 TOUKU 30py Kpamroi crabiibHOCTL
HaHOKpUCTANIB. XIOPUAHI IMEePOBCKITH MATH KOPOTIINH YAC KUTTs, aje ciaablry jgroMine-
CLIeHI[i10 mopiBHAHO 3 GpomizHuMu. BBegenus HaHOKpuCcTaliB mepoBCKITY B muiBKM moii(me-
THUJIMETAKPUJIATY) IPUBOJUTH [0 3HAYHOI'O CKOPOUEHHS YaCy JKUTTA HAHOKPUCTAJIIB i 3HAYHO
6imbiriol crabimpHocTi spaskis. Ile pobuTh rajoreHigHi mepoBCKiTHI HaHOKpUCTANIN NIepCIEK-
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TUBHUMU IJISA POSPOOKU INMBUAKUX CIIMHTUJIAIIAHUX MaTepiajis.

1.Introduction

Halide perovskites in the form of
nanometer-sized colloidal crystals or
nanocrystals (NCs) have attracted the atten-
tion due to their unique optical versatility,
high photoluminescence quantum yields,
and accessible synthesis [1]. Perovskite NCs
predominantly have a ionic lattice, and
their optical and electronic properties are
highly tolerant to structural defects and
surface states [1, 2]. New colloidal methods
for the synthesis of halide nanocrystals of
perovskite, as well as interesting charac-
teristics of this new type of material, have
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attracted the attention of many researchers
[1-8]. Halide perovskite nanocrystals of the
general formula CsPbX3 (where X is Cl, Br,
or |) can be obtained both in the form of
powders and in the form of transparent col-
loidal solutions [1-8]. Due to the quantum-
confnement effect, such nanocrystals have a
fast nanosecond luminescence of free exci-
tons, the quantum yield of which can reach
90 % [1-8]. Another feature of such
nanocrystals is that the replacement of ani-
ons in the CI7/Br7/I~ series changes the band
gap, resulting in a successive shift of the
edges of the absorption spectra and lumines-
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cence maxima from the blue to the red re-
gion [1-8]. This allows one to vary their
optical properties in a wide spectral range.

The unique properties of CsPbX3 nanocrys-
tals, as well as their high effective atomic
number (Zopp = 62-66), allow us to consider
them as scintillation materials [9—14]. Thus, it
was shown that colloidal solutions of CsPbBrs
nanocrystals have intense X-ray luminescence
and show a linear dependence of the scintilla-
tion response in the voltage of 20—60 kV range
on an X-ray tube [9]. It was also shown that
when irradiated with low-energy X-ray quanta
(10 keV), the yield of thin-film luminescence
(0.1 mm) of CsPbBr; nanocrystals can reach
54 % of the yield of Csl:Tl crystal [9]. In addi-
tion to X-ray sensors, also perovskite-based
scintillators for gamma and alpha detection
were proposed [9-14].

One of the current requirements in scin-
tillators physics is the timing resolution in
the 10 ps range; this requires scintillators
with a high light yield, a short rise time,
and a decay time, as well as the ultrafast
scintillation mechanisms to produce prompt
photons as a result of transient phenomena
and/or quantum confinement [15]. In this
connection, various nanoscale scintillators
have been actively studied [16]. Among
them, the nanosized halide perovskite crys-
tals can be a material that can meet all
requirements.

In this work, both stationary and time-
resolved optical properties of halide
perovskite nanocrystals of various composi-
tions in solutions and PMMA are studied in
order to reveal their prospects as fast scin-
tillation materials.

2. Experimental

The following starting materials were
used for the synthesis of CsPbX3 nanocrys-
tals (NCs): lead (II) bromide (PbBrs,
99.99 %), lead (II) chloride (PbCl,,
99.99 %), lead (II) iodide (Pbl,, 99.99 %),
cesium bromide (CsBr, 99.99 %), cesium
chloride (CsCl, 99.99 %), cesium iodide
(Csl, 99.99 %), oleic acid (90 %), n-octy-
lamine (99 %) from "Sigma-Aldrish™; anhy-
drous toluene from "CARLO ERBA Re-
agents”; chloroform and dimethylformamide
(DMF) from "Makrochem™.

The ligand-assisted reprecipitation
(LARP) technique was used to obtain colloi-
dal solutions of CsPbX3 nanocrystals. Ac-
cording to the described method [17],
0.1 mmol of cesium halide CsX and
0.2 mmol of lead halide PbX, (X = Cl or Br)
were dissolved in 5 ml of DMF (which was
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previously additionally dried) using wultra-
sonic treatment; then 20 ul of n-octylamine
and 0.5 ml of oleic acid were added to the
mixture of metal halides. In this way, a
transparent, colorless initial mixture of pre-
cursors was obtained. It should be noted that
the stability of the initial mixture of the pre-
cursors decreases in the series Br>Cl>I.

To obtain a colloidal solution of
perovskite nanocrystals, 100 ul of the in-
itial mixture of the precursors was added to
10 ml of toluene or chloroform with inten-
sive stirring at room temperature (20—
25°C). The bright color of the obtained col-
loidal solution was observed. In a such way,
colloidal solutions of CsPbBrs, CsPbBrCl,
and CsPbCl; were obtained.

Here we developed a method for obtain-
ing poly(methyl methacrylate) (PMMA)
films containing CsPbX3; NCs for applica-
tions in scintillation technology. To form
films on a glass substrate, a PMMA granule
weighing 0.02 g was dissolved in 0.5 ml of
chloroform, after which 1 ml of a toluene
colloidal solution of perovskite nanocrystals
was added, intensively mixed, and the mix-
ture was applied to the corresponding pre-
cleaned substrate. The resulting film on the
substrate was dried at room temperature
and kept in an oven at a temperature of
60°C for 12 hours. In this way, transparent
films on glass substrates were obtained. The
mass fraction of perovskite nanocrystals is
2 wt % in all the film samples obtained.
Film samples obtained in this way are stable
for more than two months.

Luminescence spectra were registered
using a monochromator MDR-23 (LOMO,
USSR) supplied with a PMT R9110
(Hamamatsu, Japan). A diode laser with
Aem = 405 nm was used as an exciting light
source. Measurements of absorption spectra
were performed using a two-beam spectro-
photometer SPECORD 200 (Analytik Jena,
Germany). To obtain absorption spectra of
the thin solid samples, we used a fluores-
cent microscope operating in the transmit-
ted light mode with a 10X/0.50NA objec-
tive and equipped with a spectrophotometer
USB4000 (Ocean Optics, USA). Lumines-
cence decay curves were measured using a
picosecond spectrofluorimeter Fluotime 200
(PicoQuant, Germany) using a picosecond
laser module with a wavelength of 879 nm.
The instrument response function was
100 ps. TEM images of the particles were
obtained at Sumy State University using a
transmission electron microscope PEM-125
(Selmi, Ukraine) operating at 90 kV.

Functional materials, 29, 4, 2022
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3. Results and discussion

According to TEM data, CsPbBr; NCs
have a size of 835-45 nm (Fig. 1a),
CsPbBrCl, NCs — 10-20 nm (Fig. 1b),
CsPbClz; NCs — 25-50 nm (Fig. 1c).

To determine the optical characteristics
of colloidal solutions of LHP NCs, we
started with the most common bromide
perovskites CsPbBr; [1-8]. The bromide
NCs were synthesized in such solvents as
toluene and chloroform. The optical spectra
of CsPbBr; NCs in toluene (Fig. 2a) are
typical for halide perovskites [1-8] and
show an exciton band (A,,, = 495 nm) at
the low-energy edge of the absorption band
and a narrow luminescence band (A,,, =
512.5 nm, AVFWHM =675 Cm_l) with a
small Stokes shift (690 cm™1).

The luminescence decay curve (Fig. 2b) is
non-single-exponential and can be approxi-
mated by three exponents corresponding to
T, ~ 10 ns (74 %), 14 ~ 48 ns (24 %) and 714
~ 850 ns (2 %), which give an average life-
time 7tav ~ 27 ns (averaging over ampli-
tudes). A significant deviation from the sin-
gle-exponential law can be associated with
the size distribution of NCs, as well as the
influence of local inhomogeneities of the en-
vironment. Although the main contribution
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sample: 6 CsPbBr,C1

Fig. 1. TEM images of CsPbBry (a),
CsPDbBrCl, (b), CsPbCl; (¢) nanocrystals.

(in terms of amplitude) is given by the
shortest component, the presence of a long
component, although with a low contribu-
tion, leads to a lengthening of the lumines-
cence decay time to 1.5 us (Fig. 2b), which
is undesirable for applications requiring
short lifetimes. One of the explanations for
the presence of the long component is de-
layed luminescence due to the capture of
charge carriers by shallow traps [18-21].

It was found that the stability of the
obtained NCs significantly depends on the
purity of the initial components used. The
use of higher quality components and opti-
mization of the conditions for obtaining
NCs made it possible to largely overcome
the problem of their instability in toluene
(Fig. 3a). From Fig. 3a, it can be seen that
within 14 days after the preparation of the
solutions, the luminescence band of bromide
NCs in toluene did not shift, although its
intensity gradually decreased. The latter
can be associated with the aggregation of
NCs and their gradual precipitation.

Unlike colloidal solutions in toluene, the
solutions in chloroform, unfortunately,
turned out to be unstable even after opti-
mizing the conditions for perovskite NCs
preparation and using high-quality precur-
sors (Fig. 8b). This may be due to other
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maximum of excitonic band for clarity.
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= 405 nm) of CsPbBr; nanocrystals in toluene (a) and chloroform

(b) depending on the time after preparation: I — measured immediately after preparation, 2 —
measured after 1 day, 3 — measured after 5 days, 4 — measured after 7 days, 5 — measured after
14 days. The inset in panel (b) shows spectrum 5 on a larger scale.

conditions of the interaction of the solvents
and nanocrystals of this composition. Un-
like toluene, for the chloroform solutions,
we observed not only a gradual shift of the
luminescence band but also a significant
monotonous decrease in its intensity within
14 days after the preparation of the sam-
ples. For a fresh NCs solution in chloroform
(Fig. 3b), the maximum of the luminescence
band was observed at A,,, = 508 nm (i.e. at
shorter wavelength compared to lumines-
cence for toluene solutions, Fig. 8a), after
14 days it shifted to A,,, = 455 nm (Fig.
3b, on the insert). At the same time, the
width of the band increased slightly: from
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Avpwry = 860 cm™! for the fresh solution
to AVpwgar = 1000 cm™! for the solution
after 14 days. This can be associated with
the evolution of NCs during their gradual
dissolution and reduction in size [4]. Thus,
it can be concluded that chloroform is not
suitable for the storage of the NCs and can
be used only in limited cases, when
nanocrystals prepared in chloroform will be
immediately transferred to another medium,
for example, to a polymer film.

The next step was to study the possibil-
ity of synthesizing perovskite NCs with
various anionic compositions, namely
CsPbBrCl, and CsPbCl; (Fig. 4).

Functional materials, 29, 4, 2022
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As expected, the absorption and lumines-
cence spectra of CsPbBrCl, NCs (Fig. 4a) are
significantly shifted to the blue region of
the spectrum relative to CsPbBrz NCs (Fig.
2a). At the same time, for CsPbBrCl, NCs,
both the absorption band (A,,, = 423 nm)

and the luminescence band (A,,, = 425 nm)
are lower in intensity (not shown), than the
corresponding bands of bromide NCs with
the same content of nanocrystals in the so-
lution. It is known that the luminescence
quantum vyield for chloride NCs is much
lower compared to bromide ones, which
makes the latter more "popular”™ [1-8]. At
the same time, the Stokes shift for
CsPbBrCl, NCs (130 cm™1) is much smaller
compared to bromide NCs, which indicates a
much smaller influence of the solvate shell
on the relaxation of exciton excitations [4].
In some sense, the spectra of CsPbBrCl, NCs
(Fig. 4a) are similar to the spectra of
CsPbBrgy NCs formed in chloroform 14 days
after preparation (Figs. 3b), but they are
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Fig. 4. a) Absorption and luminescence
(A, =405 nm) spectra of CsPbBrCl,
nanocrystals in toluene (the spectra are nor-
malized to the maximum of excitonic band
for clarity); b) luminescence (A, = 379 nm)
decay curves of solutions of CsPbBrCl, (1)
and CsPbBr; (2) nanocrystals in toluene,
curve 3 — IRF; ¢) time-resolved luminescence
(A,.. =879 nm) spectrum of CsPbBry
nanocrystals in toluene.

more stable (because these NCs are formed
in toluene) and their luminescence is more
intense. Another similar feature is the much
shorter average luminescence lifetime of
CsPbBrCl, NC t,,0p4g0 ~ 1.1 ns (Fig. 4b). This
makes chloride NCs promising for applica-
tions requiring short lifetimes, despite
“"weaker” optical characteristics [15, 22, 23].

Purely chloride NCs, namely CsPbCls,
have spectra shifted even more to the blue
region and, unfortunately, cannot be ex-
cited by a laser with a wavelength of
405 nm due to overlapping the spectra of
laser emission and NCs luminescence. How-
ever, it was possible to register their lumi-
nescence spectrum using the time-resolved
luminescence recording technique (TRES)
and a picosecond fluorimeter with a laser
excitation wavelength of 879 nm (Fig. 4c).
Thus, the maximum of the luminescence
band turned out to be A,,, =408 nm. And
the decay time of the luminescence of
CsPbClz NCs (Typerage ~ 0-27 ns) is even
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shorter compared to CsPbBrCl, NCs (Fig. 4b).
But the luminescence intensity is also lower,
according to the data obtained from the lumi-
nescence decay curves. Thus, the chloride
NCs exhibit short lifetimes with lower lumi-
nescence intensity and may also be promising
for the creation of fast scintillators.

The spectra of bromide NCs incorporated
into a PMMA polymer film (Fig. 5) are simi-
lar to the spectra for toluene solutions, but
there are some differences: for the lumines-
cence band (A,,, = 504 nm), the Stokes shift
is smaller (320 cm™!), but the width is much
larger (Avpwga = 960 cm™1). Such changes
can be explained by the effect of the polymer
environment on exciton excitations in NCs
and some quenching of luminescence.

A positive point is the much bigger stabil-
ity of perovskite NCs in polymer films. In
general, the experiments proved that by opti-
mizing the conditions for obtaining polymer
films containing perovskite nanocrystals, it is
possible to achieve at least a two-month sta-
bility of the prepared samples.

The most important result of the incor-
poration of CsPbBr3 NCs into polymer films
is a significant shortening in the lumines-
cence decay times (Fig. 6a). Thus, for bro-
mide NCs, approximation by three compo-
nents showed the following results: T, ~
350 ps (86 %), T, ~ 1.95 ns (13 %), and 74
~ 16 ns (1 %) with an average value of t,,.
erage ~ 670 ps (averaging by amplitudes). It
should be noted that with such short decay
times, it is necessary to take into account
the instrumental function (IRF) of the de-
vice and carry out deconvolution. Thus, we
obtained an average lifetime of fewer than
1 ns with a short tail that decays com-
pletely before 200 ns, which is promising
for scintillation applications. This shorten-
ing is mostly due to the quenching of lumi-
nescence in the polymer medium (according
to preliminary estimates, the quantum yield
of luminescence becomes less than 10 %).
But further, the quantum yield can be in-
creased due to the use of the effect of plas-
mon enhancement of luminescence [24-30].

As well as for the solutions in toluene
(Fig. 4), CsPbBrCl,, and CsPbCl; nanocrys-
tals in the polymer film show less intense
luminescence bands, which are blue-shifted
corresponding to bromide NCs, with max-
ima Ay, =416 nm and 408 nm, respec-
tively (Fig. 6b). Similarly to the solution
case, their luminescence decay curves are
shorter compared to CsPbBrz (Fig. 6a) giv-
ing very short average lifetimes as T1,, ~
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Fig. 5. Absorption (I) and luminescence (2,
Apye = 405 nm) spectra of CsPbBr; nanocrystals
in a PMMA film. The spectra are normalized to

the maximum of excitonic band for clarity.

230 ps for CsPbBrCl, and 71,,~ 100 ps for
CsPbCl;. Thus, the assumption regarding
their possible application in the develop-
ment of fast scintillators was confirmed.

4. Conclusions

Inorganic halide perovskite nanocrystals
of the CsPbX; type, where the anions X are
Br, Cl, or their mix, were obtained in tolu-
ene and chloroform. It was found that the
stability of the obtained nanocrystals in
chloroform is much less compared to tolu-
ene. Depending on the anion composition of
perovskite nanocrystals, the colloid solution
with lifetimes from 30 ns to less than 1 ns
can be obtained. The chloride nanocrystals
exhibit the shortest lifetimes and lowest lu-
minescence intensity. The technique of em-
bedding of perovskite nanocrystals into PMMA
polymer films has been worked out, and the
conditions for the stability of nanocrystals in
these films for two months or more have been
determined. It was shown that the lifetime for
all nanocrystals embedded into polymer films
is much less compared to those in toluene.
Depending on the perovskite anion composi-
tion, the optimal parameters of perovskite
nanocrystal-based materials can be chosen tak-
ing into account their short lifetime, intense
luminescence, and maximum spectral position.
The polymer films containing halide perovskite
nanocrystals can be considered as promising
for the creation of fast-yielding scintillation
materials.
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