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Tunable fluorescence and optical nonlinearitiesof all inorganic colloidal cesium lead

halide per ovskite nanocrystals
Sijin Liu, Guixiang Chen, Yunyun Huang, Sai Lin,jiYfi Zhang, Meiling He, Weidong XiarigXiaojuan Liang

College of Chemistry and Materials Engineering, Weau University, Wenzhou 325035, People’s Repuoblhina.

Abstract
The formation of cesium lead halide perovskite maystals are very effortless due to its extremelst freaction kinetics.
Herein, we present simple hot-inject approach anidnaexchange reaction to fabricate all inorganidloidal CsPbX%
perovskite nanocrystals (NCs). The colloidal CsPBNCs with controlling-size exhibit the charactdadst of the high
luminescent intensity, superior quantum yields (@l¥pve 69%) and the narrow-band emission tunirggptimdgap energies
and emission spectra are readily tunable over thieeevisible spectral region of 425-710 nm. Moreqvthe third-order
nonlinear optical properties of all inorganic cadlal perovskite nanocrystals (CsPhQ@sPbBs, CsPbi) were measured using
the Z-scan technique, indicating excellent thirdesroptical nonlinearities. Nonlinear optical sysdaulities reaching to 3.78
x 10™ esu for CsPbBINCs, figure of merit is achieving above 5 for CE¥Cs. These interesting results demonstrate that
the as-prepared all inorganic colloidal CsRIpérovskite nanocrystals are expected to hold gremnise for application on
nonlinear optoelectronic devices.
Keywords. Cesium lead halide, nanocrystal, tunable fluaase, optical nonlinearity, Z-scan technique
1. Introduction

The metal halide perovskite NCs have presentedrsupgeerformance in the fields of fluorescent light2,3], polarized
emission [4], photodetector [5,6], LED [7-10] arabér [11-14]. This arouses the interest in the cehension of the optical
characters of these materials. Previous works Hawnstrated that the photoluminescence (PL) irbEsfX being either Cl,
Br, | or a combination of both) NCs, which showtttiee band gap energies and emission spectra ofgiéte NCs are readily
tunable over the whole visible spectra region [R,The PL of CsPbXNCs are characterized by strong light absorption,

narrow emission line widths, high QY, and shortiaide lifetimes [15, 16, 17]. Kovalenko and theworkers firstly reported



a new synthetic process to fabricate all inorgarolioidal CsPbX NCs last year, they obtained the samples by reacti

Cs-oleate with Pb-halide in a high boiling solvant140-200°C [2]. After that, on account of the fast kinetics of CXRb

perovskite nanoparticle growth, different composiiethods of CsPbyNCs have been used, such as anion exchange reactio

and supersaturated recrystallization at room teatpsx [18, 19, 20]. Owing to the relative moderation and accuracy, the

hot-injection approach and anion exchange reactiereffective methods to prepare CsphICs.

Recently, people found that the lead halide periteskshow great performance in nonlinear optics, [22]. The

researches of nonlinear optical materials are mpaiohcentrating on amorphous glasses [23], organixstances and some

uncommon materials [24], such as inert gases @kgli metal atomic vapor and liquid crystal [26],2[h contrast with the

traditional nonlinear materials, halide anions iptah lead tri-halide perovskite NCs can be eastyaeted and exchanged

with another ones [5]. Basanth and the co-workgrstematically studied on the nonlinear optical perties of

organic-inorganic (Ol) lead halide perovskites [2#jich indicated the Ol perovskites have large nadr refractive index

and saturable absorption properties. This studngtified the Ol lead halide perovskites have prongsapplications in the

field of nonlinear optics in addition to the numesanvestigation about solar cells and the optisatulator. Wang and the

co-workers compared the nonlinear optical propertié colloidal CHNHsPbBr and CsPbBy quantum dots, and they

indicated that Ol lead bromine presents relatiyh hionlinear optical susceptibilities than CsPlBrcause of photoinduced

orientation effects [29]. Whereas, although botha@dl all-inorganic materials possess a resemblagttbptical band gap,

CsPbBg demonstrates a higher thermal stability than MARB& Ol lead halide perovskite NCs should be kagpélrsible in

a wide range of organic solvents [30,31], enhanciegce lifetime in application. In general, thés® families of colloidal

perovskites, Ol lead halide NCs and all-inorganisPiX NCs, feature their respective advantages and iepe

Unfortunately, the devices of CsPh&re mainly focus on CsPbBrather than CsPbgbr CsPbd, stimulating our desire to

systematically study the nonlinear characteristidifferent halogen of CsPhX

In this paper,we present a simple approach to fabricate all-iaoig colloidal CsPbX NCs through the



hot-injection combining anion exchange reactiord systematically investigatine component dependence of the halogen

on the PL properties in all-inorganic colloidal ®3® NCs. Moreover, the third-order nonlinear opticabictcteristics of

CsPbX% NCs (CsPbC}, CsPbBs, CsPbi) were measured via using the Z-scan technique,tlaadesults exhibited that

CsPbBg NCs possess strong third-order nonlinearity susméty and high value of figure of merit. Accomtjly, CsPbX

NCs materials are shown to be appropriate for atilcal switches and optical limiting devices.

2. Experimental section

2.1 Synthesis of CsPhX

2.1.1 Preparation of Cs-oleate. The preparationge®is similar to the previous report by Protasesth slight revision here

[2]. CCO; (0.814 g, Aladdin, 99%), oleic acid (OA 2.5 mL a8idin, 85%) and octadecene (ODE 40 mL, Aladdin, p@tse

added into a 100 mL 3-neck flask, dried for 1 120 °C and then stored undey. I$ince Cs-oleate precipitates out of ODE at

room-temperature, it must be preheated to 100 f@ddjection into reaction flask.

2.1.2 Synthesis of CsPRXICs. Dried ODE (5 mL) and different amounts of BKX069 g, PbBr ABCR, 98%; Ph, 0.087 g,

ABCR, 99.999%) were loaded into a 25 mL 3-neckkflaad degassed at 120 °C for 1 h. Dried OA (0.5 ang oleylamine

(OAm 0.5 mL, Aladdin, 85%) were injected at 120 ddder N flow. After complete solubilization of the PbBor Pb} salt,

the temperature was raised to 160 °C and Cs-adeatéion (0.4 mL of stock solution prepared as dbed above) was swiftly

injected and then (about 5 seconds) the reactiotunei was cooled down by the water baltmportantly, it has been reported

that CsPbGlcan be fabricated by CsPhBsing anion exchange reaction, neither did CsfhI20]. Chlorine anion exchange

reaction was carried out at room temperature ugimgm chloride to exchange bromine.
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Fig. 1. The synthesis schematic of CsR#NCs (X = ClI, Br, I).
2.1.3 Isolation and purification of CsPHXCs. The crude solution cooled down with watehlatd the aggregated NCs were
separated by centrifuging, and the addition ofbertanol (t-BuOH, Aladdin, 99%) to the crude saatiODE:t-BuOH = 1:1
by volume) were found to be helpful for a complptecipitation. After centrifugation, the supernataas discarded and the
precipitates were re-dispersed in hexane to fong-term stable colloidal solutions for the folloimeasurements.
2.2 Instrumentation.

To explore the crystalline structure of the colldigperovskites had formed, X-ray diffraction (XRRpalysis was
performed on a Germany Bruker X-ray diffractomeigperation voltage and current were 40 kV and 40) mth Cu K,
radiation § = 1.5418 A). The radiation at a scan was at the 0&0.02° §' in the range of 10-60°. Transmission electron
microscopy (TEM) images were carried out on a F&dnki G2 F20 S-TWIN transmission electron microscoperating at an
acceleration voltage of 200 kV. The linear opti@hsorption of the NCs in the wavelength range @200 nm was obtained
at room temperature by a PerkinElmer Lambda 750/Id\Epectrometer. Fluorescence spectra and PL Q¥ meeorded with
a Horiba Jobin Yvon Fluromax-4P spectrophotometgripped with absolute QY measurement apparatuse-f@solved PL
lifetime measurements were carried out using a-tioreelated single-photon counting (TCSPC) lifetigpectroscopy system
with a nanosecond-pulsed diode laser (nanoLED-380the single wavelength excitation light sourcea)X photoelectron

spectroscopy (XPS) measurement was obtained uskigUATRA DLD spectrometer with monochrome Al Ka dse



excitation source. For nonlinear study, we use@ératdsecond Q-switched laser (Spectra Physics Eeqlooperating at a

wavelength of 787 nm in TEMOO operation mode. Tdgeetition frequency was fixed at 1 kHz, pulse widft896 fs and the

Z-scan with the operating power levels have bepit#jly greater than 3 mw.

3. Results and discussion

CsPbBgand CsPhiNCs are formed by direct hot-injection synthe$i4@0 ‘C, while CsPbGl are compounded through

exchanging brominanion with chlorine anion in our work. PerovskitsRbX NCs are recognized to crystallize in

orthorhombic, tetragonal, and cubic crystal, antloal CsPbX NCs crystallize in cubic crystal [2, 32Fig. 2a). Fig. 2b

reveals the XRD patterns of CsPpXCs, which keep the similar profile in the rangel0-60° (B = 14.6° and 30.1°

correspond to diffractions formed at (100) and {20l@nes for CsPbBr 20 = 15.4° and 30.9° for CsPh{P6 = 14.1° and

28.6° for CsPh)) owing to their same crystal structure. The XRBtgra of CsPhj brings out the Pbldiffraction peaks (@ =

12.8° and 26.7° correspond to diffractions forme(Dal) and (011) planes) Fig. 2b, but no extra phase is found in CsPhBr

and CsPbGINCs, attributing to that the lead triiodide peikites has a higher reaction enthalpy [33]. This shi@sPbBy and

CsPbC} NCs possess more stable structure than G8REd, and they are to be preferred as a practicételénto application.

Notably, it is also found that the diffraction peatk(100) and (200) planes slightly shift to thealer 2 angle from CsPbgl

to CsPb4, which is attributed to the lattice expansion hg substitution of larger ion for the smaller ion & r g > r o),

indicating that halides ions redistributed congengmoughout the NCs [11], according to Braggsagiun.

nA = 2dsin® Q)

Remarkably, some refraction peaks in the XRD pastatisappear in comparison with the correspondiagdard phase

(CsPbBg, PDF#54-0752,), which is ascribed to the preferémigentation assembly of perovskite CsRbéausing to the

appearance of some stronger peaks with the (100)) @nd (200) lattice plans [34].
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Fig. 2. Colloidal CsPbX NCs dispersed in hexane and their structural cheriaation. (a) Schematic of the cubic perovskite
lattice of CsPbBy. (b) XRD patterns for typical ternary and mixediti@ CsPbX NCs.

Fig. 3 shows the TEM and HR-TEM images of colloidal CsPbICs as well as the size distributidtig. 3a, 3c, and3e
clearly show that the CsPhQNCs are obtained via anion exchange reactionrrate parental construction CsPbBnd
CsPbt NCs. As TEM images depict, the growth duratioredd/icubic phase of CsPBXCs, and the average side length are
28.7 nm, 21.4 nm, and 15.2 nm of CsPkIsPbBsg, and CsPbGINCs, respectively. The insetshing. 3a, 3c, and3e highlight
the selected area electron diffraction (SAED), ming the diffractive images which correspond te thubic crystal form of
CsPbX. To characterize the NCs microstructure from thede reaction, the distinct lattice fringes are esleed in the
HR-TEM images oFig. 3b, 3d, and3f, including (101) spaced by 4.0 A, (002) space@i8yA for CsPbGl (110) spaced by
4.3 A, (200) spaced by 2.9 A for CsPpR20) spaced by 3.6 A and (111) spaced by 4.drACEPb). XRD pattern and TEM

images indicate that we have prepared the CsR6 (X = Cl, Br, and 1) successfully.



Fig. 3. TEM images of the parent. (a) CsPbBICs and (c) CsPbBINCs and halide exchange synthesized (e) CsPWCS.
Inset: Selected area electron diffraction pattdatained from part a, c, e, respectively. HR-TEM g@s of (b) CsPRINCs, (d)
CsPbBsg, and (f) CsPbGINCs.

In addition, XPS was carried out to further confitine valence states of cesium, lead, and halogeoltmfidal CsPbX
NCs in hexaneFig. 4 represents the survey scan XPS spectra of cesead, dnd halogen, respectively. No significant
differences are observed among those obtainedrapiectthe Cs 3d and Pb 4fig. 4a shows the Cs 3d peak of CsRfaX

738.8 eV and 724.9 eV, corresponding to the G add Cs 3¢, electron energy levels, respectively. The Pb 46Xfeaks



(shown inFig. 4b) appear as the doublet because of spin-orbittigglifor each chemical species present [35]. listargly,

the Pb 4f spectrum obtains for the as-received kasfpwed two main peaks at 137.4 eV and 142.2P&\A§,, and Pb 4f,),

while the Pb 4f spectrum of CsPRQ@Iresents two peaks (about 138.5 eV and 143.3 @4tihg at the nearby of the main

peaksFig. 4c, 4d, and4e show the | 3d peaks of CsRlat 619.9 eV and 631.4 eV, Br 3d peaks of CsRhB67.1 eV and 67.5

eV, and Cl 2p peaks of CsPh@k 197.4 eV and 198.9 eV, which correspond td Ba,, and | 3d); electron energy levels, the

Br 3d5, and Br 3d,electron energy levels, Cl Zpand Cl 2p,, electron energy levels, respectively. In geneX&lS results

indicate that cesium, lead, and halogen maintair tralence states in CsPHXCs. To sum up, on the analysis of the structure

and composition of colloidal NCs with the utility XRD, TEM, and XPS, the main phases of the sampi#is cubic crystal

and valence state were confirmed to be CsPaixd these results contribute to further opticapprties of the CsPXNCs.
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Fig. 4. High-resolution cesium, lead, halogen XPS speda®: (b) Cs 3d and Pb 4f high-resolution spectrdnCsPbC},

CsPbBg and CsPht (c) Cl 2p, (d) Br 3d, and (e) | 3d high-resolutispectrum of CsPbgICsPbBg and CsPhl

In order to demonstrate the excellent luminescenpgrties of CsPbXNCs, optical images of the CsPhXCs samples

under ambient light and a 365 nm UV lamp are shoiwdelg.5a, 5b, and PL spectra are presentedrig. 5¢c. For the highly

luminescent colloidal NCs, CsPbXerovskite NCs present superior QY (above 69%) raantlow emission line widths of

13-30 nm with superior size tuning of the emissi@aks. The PL emission spectra of the hybrid CsREX& CI, Br, | or a



combination of both) NCs present emission peakiseatange of 425-710 nm, hence CsPbBICs can produce saturated colors

by controlling the composition of halogen [2]. Moxer, the overall PL intensity and optical densifthe NCs do not rise

anymore after 5 seconds, indicating that changing tannot control the size in conventional baigttteeses [16]. In addition,

absorption spectra of CsPhEK = Cl, Br, I) are showed iRig. 6, consistent with the PL spectra.

Norm. PL
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wavelength (nm)

Fig. 5. The samples of Color-tunable CsPHXCs and wide PL spectra. (a),(b) Optical image€s®bX NCs under ambient

light and a 365 nm UV lamp. (c) PL spectra of CsPINCs spanning the whole visible region with narremission

linewidths.
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Fig. 6. Uv-vis absorption spectra of CsPRGTsPbBs, CsPbj.

The PL decay curves were measured by analyzin@thdynamics from CsPhyNCs solution of hexané&ig. 7 shows

the time-resolved PL spectrum of CsPhREl, and CsPbBr,l, NCs at the peak of emission wavelength, respdgtilde

decays are double-exponential components with tiommstants () and respective amplitudes JK[15]. The

double-exponential decay function is calculatesgsiquation (2), fitting accurately to the sum ofidle-exponential.
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The CsPbBy NCs decay curve exhibits a decay time 68.4 ns. For the CsPhBJ, series, the decay time monotonically
increases to a = 252 ns with the increasing of emission wavelen@esides, for the CsPbBCl, series, the decay time
decrease te = 4.67 ns with decreasing of emission wavelengtierwthe PL emission peak at 496 nm, and the deoay ti
increases te = 111.9 ns when the PL emission peak at 456 nmra@$dts show that the decay time is sensitivéaéosample
fabrication process. This phenomenon may be relatédcalized defects in the crystals [37], thusaletime may markedly

vary from sample to sample for the control of theiperfect fabrication of NCs [15].

CsPbl Br, CsPbBr Cl,
@ 710 nm 527 nm
618 nm @ 496 nm
569nm @ 456 nm
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60 80 100 120 140 160 180 200 220 240 260 280 300
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Fig. 7. PL decay curves of the perovskite CsBBF, series NCs and CsRhBr, series NCs as a typical sample in hexane
measured using 370 nm excitation.

The energy band diagram of CsRb¥as illustrated by Kondo et al [14]. Since theyoddlated the one-electron energy
states of CsPbXbased on the molecular orbital (MO) theory appliedthe octahedral PHX )s quasi-complex of @
symmetrythe prototype of the research on perovskite mdsehas gained great achievement. Aimed to evaltleteptical
energy gap, the optical absorption coefficiefitv) was obtained using the Davis and Mott equatiorshasvn in equation (3)

[36].

u(h n)—gB(h V- EOD‘)m (3)



B is a constanty presents the photon energy, dag is referred as the optical band gapis a constant, which represents the
type of the optical transitiorfig. 8a illustrates the result as a function of the photmiergy by measuring the curve of the
absorption coefficient. Furthermore, the straighes are fitting curve to estimate the energy gaprBe discreet values ofE
are 1.73 eV, 2.39 eV, and 2.78 eV for CgPBIsPbBs§, and CsPbG]| respectively. The VBMs and CBMs of CsRhX = Cl,

Br, 1) are estimated, and their energy levels wibpect to vacuum are depictedFig. 8b. Moving from CI to Br to |, the
VBM shifted prominently toward higher energies, lsh& smaller shift is observed for the CBM towasdiér energies [37].
Obviously, the band alignment diagram that the ghain the band gapy®f the CsPbX compounds is mainly owing to the
conduction band move to higher energy, while tHen@e band energy remaining practically unchang&il [The energy gaps

demonstrate that the absorption of these perossiiein the range of visible light.
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Fig. 8. (a) The spectrum plotted ash()?(hv), the straight line is fitting curve to estimake tenergy gap Eg. (b) A schematic

energy-level diagram for CsPhXX = ClI, Br, I).



Fig. 9 represents the transmitted laser beam schemi@imed by means of a beam splitter, providing tilve different

experimental configurations. The results of Z-spaasurements shown kig. 10 are carried out to determine the nonlinear

refraction and absorption of the CsRperovskites NCs samples, corresponding to opertuape(OA) curves and closed

aperture (CA) curves. Ultraviolet-visible absorptispectra can be turned over the entire visiblectspleregion through

adjusting their composition, which are shownFig. 6. The Z-scan technique is a single excitation béarsurvey the

nonlinear refractive index (NLR) and nonlinear aipsion coefficient (NLA) of the materials [39]. Thechnique provides

sensitive and straightforward measurement of tga and the values of the nonlinear refractive in(fg), the two-photon

absorption (TPA) coefficienp], and the free carrier absorption coefficient[40].

D2

Laser beam

Fig. 9. Experimental Z-scan setup: L1, L2, and L3, lendS; beam splitter; S, sample; D1 and D2, photodetscA,

aperture.

To quantitatively measure the NLA and NLR of theP6X; (X = CI, Br, I) NCs,Fig. 10 exhibits the Z-scan response of

the solution of CsPbgl CsPbBs, CsPbt NCs, corresponding the black dots displayed thpeemental results and the red,

green, and blue solid lines fitted curves in thyuffe fit the theoretical values of the normalizexhsmittanceFig. 10a, 10c,

and 10e demonstrate the OA of CsPRCCsPbBs, CsPbi NCs, and they all show symmetric relative to theus (Z = 0)

where it had minimum transmittance, illustratingexse saturable absorption would emerge in the thegovskite NCs.

Fig. 10b, 10d, and10f display the CA of CsPbXNCs. The CA Z-scan curves with prefocal (Z < Onimium and the

postfocal (Z > 0) maximum indicated a self-focusprgcess and a positive sign of NLR index>(0). To depict the intensity

of NLA and NLR, bothg andy of the perovskites NCs were calculated from theddd CA Z-scan curves derived from the



Z-scan theory [41]. The real and imaginary partshef third-order nonlinear susceptibilif’ are deduced according to the

parameterg andy, as shown in equations (4) and (5) [421d the results are shown in Table 1.
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A, €0, C, andng are the wavelength of the laser light, permityivof free space, speed of light, and linear reivacindex of the

perovskite NCs, respectively. For CsPp@hd CsPh| the value ofRe »® is higher thanim ¥, which imply nonlinear

refractionis the main third-order optical nonlinearity resperin these two kinds of NCs, and they have pakagplication in

optical switches. But for CsPbBrthe value oim »®is higher tharRe »®, which implies nonlinear absorptids the main

nonlinear behavior of CsPbBKCs, and it has potential application in opti¢aiting devices.
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Nonlinear absorption of CsPhICsPbBs and CsPhl samples under irradiation of a 787 nm pulsed Ia€8ér (a)



CsPDbC}, (c) CsPbBy, (e) CsPh NCs, and CA (b) CsPbgl(d) CsPbBg, (f) CsPbi NCs. (Theoretical data in black squares
and fitting curves in solid line).

The total optical third-order nonlinear suscepitpil/® is given by equation (6) [413JI the values of® are listed in
Table 1. Obviously, the perovskites of colloidaPBEk, CsPbBs, CsPbi NCs possess similar third-order nonlinear properti
The third-order nonlinear absorption of the threel& of NCs exhibit reverse saturable absorptiahtae values of®’reach
2.85 x 10", 3.78 x 10", and 3.55 x 18'esu in CsPbG) CsPbBs, and CsPhINCs, respectively. In addition, for most of
third-order nonlinear-based optical devices, nadinrefraction is an essential parameter [43]. un @ase, owing to the
ultrafast pulse of 396 fs (shorter than 500 fskuaaulative thermal effects would be limited, inding that the optical
response is distinctly sensitive to the electrgnaund state.

est=[fof o0

Moreover, figure of meritK) is defined to evaluate the third-order nonlinparformance of materials at a certain
wavelength [44]For the different composition of CsPhXshown in table 1, the values &f reach 4.95, 1.85, 5.59,
demonstrating that CsPRXNCs have favorable nonlinear optical propertidg (values ofF are over 2 for CsPbgland
CsPbb). Importantly, CsPbGpresents a more stable structure than GsBighifying CsPbGlmay possess a broader prospect
for application.

Table 1. Third-order nonlinear optical parameters of theeEn€sPbXat 767 nm with operating power levels of 3 mW

Wavelength
sample B (M/W) v (MW) I'm y (esu) Rey (esu) »® (esu) F
(nm)
CsPhCl; 787 1.36 x18° 5.30 x10*° 1.29x10 2.54x10% 2.85 x10" 4.95
CsPbBr; 787 3.22 x18° 4.69 x10'° 3.04x10% 2.25x10% 3.78 x10" 1.85
CsPbl 3 787 1.54 x18° 6.75 x10"° 1.45x10" 3.24x10% 3.55 x10" 5.59

In conclusion, we have investigated the fluoresawatracteristic and the nonlinear optical respamfsihe all-inorganic



perovskites CsPbX Colloidal CsPbX nanocrystals present highly luminescent (X = Qi, B and mixed CI/Br and Br/l
systems) with bright (QY is above 69%), stable csadly narrow, and broadly tunable photoluminesge@®25-710 nm with a
narrowing of FWHM to 13 nm-30 nm). On the basisx®&D and TEM analysis, CsPlXanocrystals exhibit the regular shift
of the peak in XRD and lattice distance differeniceSEM, which attributed to the same crystal stove of CsPbG| CsPbBj,
CsPb}t and their anion-exchange compounds. In additiea,nionlinear optical properties of the colloidaP8%;NCs were
determined using Z-scan and the results indicatatithe NCs had excellent third-order optical nuedirities. The® of the
CsPbC}, CsPbBs, CsPbi were measured to be 2.85 x #03.78 x 10", and 3.55 x 18" esu, and figure of merit reaching
4.95, 1.85, 5.59, respectively. Therefore, hybdidnmrganic semiconductor perovskites CsRlindve favorable nonlinear
optical properties for potential use in applicaosuch as optical switching. Future studies witeséhnovel NCs will
concentrate on increasing stability by changingrnice factor (t) in order to apply CsRiX optoelectronic applications such
as light-emitting diodes, lasers, all optical siwés and photodetectors.
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Highlights

» CsPbX NCs were fabricated via hot-injection combiningoanexchange reaction.
» The PL properties depended on halogen in CsR6 on have been investigated.
» CsPbX NCs possess high value of figure of merit.

» CsPbX NCs is a candidate of nonlinear optoelectroniaahs



