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ABSTRACT

Manganese doped inorganic halide perovskites continue to be of current interest for applications in light emitting devices
and down-converters in solar cells. In this work we prepared Mn doped CsPbCl; (Mn: CPC) bulk crystals and nano-
particles (NPs) and compared their emission properties. Bulk crystals were grown from the melt by vertical Bridgman
technique and NPs were synthesized using a microwave assisted method. Under ultraviolet excitation at 350 nm, bulk
crystal and NPs exhibited a broad orange emission centered in the ~600 nm range at room temperature. The broadband
emission was assigned to the intra-3d transition *T, — °A, of Mn*" ions incorporated in the CPC host lattice. The Mn**
emission lifetimes were nearly exponential with values of 1.1 ms for NPs and 0.7 ms for the bulk crystal. NPs also
showed exciton emission peaking at ~402 nm, whereas the bulk crystal exhibited no emission near the band-edge.
Instead, the bulk material revealed a weak below-gap emission in the 450-550 nm region suggesting the existence of
defect states. The excitation spectra for the orange Mn®" emission from NPs and bulk crystals of Mn: CPC were
significantly different indicating distinct excitation pathways. The excitation spectrum of the orange Mn?" emission from
NPs showed excitonic structure similar to the absorption spectrum suggesting an efficient energy transfer from excitons
to Mn”" ions. In contrast, UV excitation was less efficient for the bulk crystal and the excitation was dominated by
below-gap excitation bands centered at 427 and 500 nm.

Keywords: Halide perovskites, Mn®" Spectroscopy, visible light sources

1. INTRODUCTION

The development of cesium lead halide perovskites nanoparticles (NPs) with composition CsPbX; (X=Cl, Br, 1)
continues to be of great current interest for optoelectronic applications including light emitting devices and solar cells
[1-5]. High emission quantum yields have been reported for CsPbX; NPs in conjunction with narrow emission bands
covering the entire visible spectral region. The emission wavelengths of CsPbX; NPs can be color tuned through varying
halide composition or quantum confinement effects. For example red emission can be obtained from CsPbl;
nanoparticles, but emission efficiency and material instability remain critical issues [6]. Besides compositional tuning of
halide perovskites, visible and IR emission wavelengths can also be achieved though doping of transition metal and/or
rare earth ions [7-10]. Most suitable for metal doping is CsPbCl; with a wide band gap of ~3 eV and exciton emission at
~410 nm. Adding Mn*" ions as dopants into CsPbCl; results into bright orange emission, which can be assigned to the
*T,—°A, transition of tetrahedrally coordinated Mn*" ions [11-16]. In this work, the optical properties of Mn: CPC
nanoparticles and bulk crystals were compared to gain better understanding of the excitation and de-excitation processes
for possible applications in photonic devices. Nanoparticles were prepared by a microwave assisted method and single
crystals were grown from the melt by vertical Bridgman technique. All Mn: CPC samples revealed broad emission bands
centered at ~605 nm under ultra-violet excitation with emission lifetimes in the millisecond range at room-temperature.
Excitation wavelengths and temperature dependent emission studies revealed significant differences in the Mn?'
excitation and de-excitation pathways of Mn: CPC nanoparticles compared to bulk single crystals.
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2. MATERIAL PREPARATION AND EXPERIMENTAL DETAILS

For the synthesis of Mn doped CPC NPs, a microwave reaction tube with a volume of 35 mL was used as a reaction
vessel. The specific instrument was a Discover-CEM research grade microwave reactor with 250 PSI pressure and 200
W power operating parameters. In a typical experiment, PbCl, (0.400 mmol), MnCl, (0.80 mmol), 1-octadecene (10
mL), oleic acid (1 mL), oleylamine (1 mL) and trioctylphosphine oxide (0.50 g) were loaded into the microwave tube
and stirred at 80 'C for 1 h under purging nitrogen flow. To improve the solubility of PbCl, 2.0 mL of trioctylphosphine
was added as a co-solvent. After complete solubilization of PbCl,, cesium acetate (0.10 mmol) powder was added and
the reaction mixture was placed in the microwave reactor and heated to the desired temperature. The reaction
temperature was set to 160 'C and the reaction duration time was 10 min. After completion of the reaction, the mixture
was cooled to room temperature. The Mn doped CPC nanocrystals were extracted from the crude reaction mixture by
adding 10 mL of hexane and centrifuging for 10 min. After centrifugation, the supernatant was discarded and the
nanocrystals were redispersed in 10 mL of hexane and then centrifuged for 10 min. Drop-casted films of Mn: CPC NPs
with ~6 um thickness were used for optical spectroscopy. The bulk crystal of Mn: CPC was grown by a vertical
Bridgman technique using a two-zone furnace [10]. Mn: CPC (~2 wt%) was synthesized from high purity starting
materials of CsCl, PbCl,, and MnCl, loaded inside a pre-cleaned quartz ampoule. The material was then heated to ~110
°C under a dynamic vacuum for 24 hours before vacuum sealing. For crystal growth experiments, the ampoule was
positioned into the hot-zone of the growth furnace at ~30-40 ‘C above the melting point for 24 hours. The growth
ampoule was subsequently lowered at a growth speed of ~2 mm/h. After the crystal growth was completed, the furnace
was slowly cooled to room-temperature over a time period of three days. The Mn:CPC crystal exhibited an orange
coloration indicating the incorporation of Mn>" ions. A small sample disk with 2 mm thickness and 3-4 mm diameter
was cut from the ingot and polished for spectroscopic studies. Transmission spectra were measured using a Shimadzu
UV-3600 spectrophotometer. Emission spectra, excitation spectra, and lifetimes were recorded employing an Edinburgh
Instruments FLS 980 fluorescence spectrometer.

3. RESULTS AND DISCUSSION

3.1 Results of NP synthesis, crystal growth and structural studies

Pictures of the synthesized colloidal Mn: CPC NPs solution and bulk crystal under ambient and UV light are shown in
Fig 1. Under ambient conditions the NP solution was clear with a weak orange coloration, whereas the bulk crystal was
translucent with a more pronounced orange color. Under UV excitation both samples exhibited an orange emission,
which was significantly brighter from the NPs compared to the bulk crystal. The crystal structure of Mn: CPC was
confirmed through XRD studies and the particle size of NPs was estimated to be ~15-20 nm from TEM images (Fig. 2).
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Figure 1. Pictures of Mn: CPC NPs colloidal solution (left) and bulk crystal (right) under ambient light and UV light.
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Figure 2.Powder XRD of Mn: CPC bulk crystal (left) and TEM image of Mn: CPC NPs (right).
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3.2 Absorption, emission, and excitation spectroscopy at room-temperature

The absorption and emission spectra of Mn: CPC nanoparticles and bulk crystal are shown in Fig. 3. The band-edge
energy was derived from tauc-plots and yielded values of ~396 nm (3.13 eV) for the NPs and ~430 nm (2.89 eV) for the
bulk crystal [16,17]. Under UV excitation (350 nm), the Mn: CPC NPs showed excitonic emission peaking at ~403 nm
(FWHM: 16 nm) and a broad Mn*" emission centered at ~606 nm (FWHM: 88 nm). The peak intensity ratio of Mn*" to
exciton emission was ~15:1. The Mn: CPC bulk crystal showed a similar Mn®>" emission peaking at 602 nm with a
bandwidth of 85 nm at FWHM. On the contrary to NPs, no exciton emission was observed from the bulk crystal, but
some defect related broad band emission in the 420-550 nm range. The peak intensity ratio of Mn®" to defect emission
was ~4:1. For both NPs and bulk material of Mn: CPC the bright orange emission is ascribed to the spin-forbidden intra-
3d transition 4T1 — 6A1 of octahedrally coordinated Mn*" ions in the CPC host lattice.
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Figure 3: Room temperature absorption and emission spectra for Mn: CPC nanoparticles (left) and Mn: CPC bulk crystal
(right). The emission was excited with 350 nm UV light.

The normalized excitation spectra of the investigated Mn: CPC samples are shown in Fig. 4. The signal was monitored at
the peak wavelength of the orange Mn’" emission (~605 nm). The excitation spectrum of NPs showed an excitonic
structure at ~385 nm followed by a continuous excitation extending to shorter UV wavelengths. The excitation spectrum
exhibited similar excitonic features as observed in the absorption spectrum of NPs (Fig 3), which provides evidence for
an efficient energy transfer from exciton states to Mn”" ions. Weak below-gap excitation bands were observed in the
410-450 nm suggesting defect related excitation pathways and possibly weaker underlying intra-3d absorption bands of
Mn”" ions. The excitation spectrum for the bulk crystal was significantly different and showed distinct below-gap
excitation bands centered at 427 nm and 500 nm. Based on comparison to published data [18], these bands are
tentatively assigned to the intra-3d transitions °A; — *A,(*G), *E (*G) (425 nm band) and °A; — *T; (*G), (510 nm
band). Weaker Mn®" excitation bands were observed above the band-gap of CPC, which indicates that orange emission
from the bulk crystal can also be excited at UV wavelength through carrier-mediated processes.
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Figure 4: Room temperature excitation spectra of Mn: CPC bulk crystal and NPs. The emission was monitored at a
wavelength of ~605 nm for both excitation scans.
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The emission decay curves for Mn: CPC NPs and bulk crystal under UV excitation (350 nm) are shown in Fig. 5. The
Mn?* emission lifetimes were nearly exponential in NPs and bulk crystal with values of 1.1 ms and 0.7 ms, respectively.
The single exponential nature of emission lifetimes indicates a nearly homogenous environment for Mn** ions
incorporated in the CPC lattice. For the bulk crystal, the emission was also excited using excitation wavelengths
matching the strong below-gap excitation bands at ~420 nm and ~530 nm. No significant differences in lifetimes were
observed for above and below-gap excitation suggesting that the same class of Mn®" ions are optically excited
independent of excitation pathway. The initial rise-time in the decay curve under 532 nm pumping possibly indicates
energy transfer from mid-gap defect states into the Mn?" intra-3d excited state.
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Figure 5: Comparison of the Mn?" emission decay curves for NPs and bulk crystal of Mn: CPC under UV pumping (left).
Emission decay curves under 355, 425, and 532 nm excitation for the bulk crystal of Mn: CPC (right).

3.3 Temperature dependent emission spectroscopy

Temperature dependent emission spectra for Mn: CPC NPs and bulk crystals are shown Fig. 6. The emission spectra
were excited using 350 nm optical pumping. At room temperature the dominant spectral feature is a broad Mn®*
emission peaking at ~600-610 nm, whereas at 77 K strong exciton emission in the 400 nm range can be observed from
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Figure 6: Normalized emission spectra of Mn: CPC NPs (left) and Mn: CPC crystal (right) at 77 K, 200 K and 300K.

For NPs and bulk crystal of Mn: CPC it was noticed that the intensity ratio of exciton to Mn”>" emission changed
significantly when cooling the sample from 300 K to 77 K. For NPs at 300 K the broad Mn*" emission centered at ~606
nm dominated the spectrum, whereas at 77 K the exciton emission at ~404 nm was the most intense emission feature. A
similar observation was made for the Mn: CPC bulk crystal with the main difference that at 77 K the Mn*>" emission still
exhibited a nearly equal intensity compared to the exciton peak. Following an initial fast decrease of exciton and Mn**
emission in the range 77-150 K, an inverse temperature correlation between exciton and Mn”>" emission intensity was
noticed from 150-300 K (Fig. 7). The exciton emission intensity continued to decrease until 300 K, whereas the Mn*"
emission increased significantly. This inverse temperature dependence behavior reflects on the energy transfer process
from excitonic states to the 4T1 Mn*" excited state. As discussed in the literature for Mn: CPC NPs, this process is
thermally activated and therefore strongly temperature dependent [15,19]. It has been reported before that hybrid lead
halide perovskites NPs possess higher exciton binding energies compared to their bulk crystal counterparts leading to
higher exciton emission at room-temperature [19]. Similar argument can be made here for Mn: CPC NPs versus bulk
crystal. Compared to the bulk crystal, the exciton emission from the Mn: CPC NPs exhibited a higher temperature
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stability, which results in a higher Mn*" excitation efficiency and stronger orange emission at room-temperature under
UV excitation.
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Figure 7: Temperature dependence of the integrated intensity of exciton and Mn?" emissions for Mn: CPC NPs (left) and
Mn: CPC crystal (right).

It can also be observed from Fig.6, that the Mn”" emission blue-shifts by ~22 nm with increasing temperature, whereas
the exciton emission blue-shifts by only ~0.5 nm for the same temperature range [20]. The large Mn®" emission shift
reflects on the strong sensitivity of the octahedrally coordinated Mn”" ions to the surrounding crystal field environment.
More specifically, the blue-shift of Mn*" emission with increasing temperature relates to the decrease in crystal-field
strength with the thermal expansion of the host lattice. According to the 3d® Tanabe-Sugano diagram, the weaker crystal
field (smaller Dq parameter) leads to a larger energy splitting and consequently a larger transition energy and blue shift
of the emission band [20].
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Figure 8: Temperature dependent Mn>* emission decay curves (left) and exponential lifetime values (right) for Mn: CPC
NPs and bulk crystal under 350 nm UV excitation.

The decay curves and lifetimes of Mn®" ions for NPs and bulk crystal at different temperatures under above-gap
excitation are shown in Fig 8. At 77 K the NPs lifetime was ~2.0 ms compared to ~1.7 ms for the bulk crystal. In both
cases the lifetime decreased at higher temperatures leading to lifetime values at 300K of ~ 1.1 ms for NPs and ~0.7 ms
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for the bulk crystal, respectively. The temperature change in lifetime is most likely due to non-radiative decay due to
multi-phonon relaxations within the intra-3d Mn”" transition or through energy-transfer processes to other
defects/impurities [20]. Under the assumption that the 77 K lifetime is the purely radiative lifetime (T,q) the Mn**
emission quantum efficiency (QE) was derived from the relation QE=t309x/t77x [20] to be ~55% for NPs and ~41% for
the bulk crystal. The QE for the NPs was also determined using an integration sphere method yielding a value of ~50%.
The obtained QE values are in good agreement with published data on Mn: CPC NPs prepared by other methods with
highest values ranging from 54-67% [11,21]. The QE of the bulk Mn: CPC crystal was slightly lower compared to the
NPs but can be further optimized through additional purification studies of raw materials.

4. SUMMARY

Spectral and time-resolved emission studies were performed on Mn doped CsPbCl; nanoparticles and a bulk crystal as a
function of temperature. The bulk crystal was grown from the melt by vertical Bridgman technique and NPs were
synthesized using a microwave assisted method. Under UV optical excitation the samples showed bright orange
emission centered at ~600 nm from Mn*" ions (*T; — °A; transition) incorporated into the CsPbCl; lattice structure. The
NPs of Mn: CPC showed also weak exciton emission at 300 K, whereas the bulk crystal exhibited broad-defect emission
in the 400-550 nm range. It was observed that the Mn®" emission from the bulk crystal was significantly weaker for
above-gap excitation compared to below-gap excitation into absorption bands centered at 427 nm and 500 nm. The
below-gap excitation bands were most likely due to intra-3d Mn®" transitions overlapped with possible defect levels in
Mn: CPC. Temperature dependent spectral measurements from 77-300 K showed an initial fast decrease of exciton and
Mn?* emissions followed by an inverse temperature correlation of both emissions from 150-300 K. Whilst the exciton
emission continued to decrease, the Mn®" emission gained intensity at higher temperatures. This inverse temperature
behavior reflects on the energy transfer process from excitonic states to the *T; Mn”" excited state. Similar to results
reported for hybrid lead halide perovskites, excitons in Mn: CPC NPs exhibit a higher temperature stability compared to
the bulk crystal leading to enhanced energy transfer and Mn®" emission at room-temperature. The Mn®* emission
lifetimes of NPs and bulk crystal were nearly exponential and showed a slight decrease from 77 -300 K. The reduced
lifetimes at room temperature indicated non-radiative decay processes which limit the emission quantum efficiencies to
~55% and ~41% for NPs and bulk crystal, respectively. Further purification studies of raw materials for bulk crystal
growth of Mn: CPC are in progress to improve the emission quantum efficiency. This work has shown that the
investigated NPs and bulk crystal of Mn: CsPbCl; can produce efficient orange emission from Mn”" ions with distinct
excitation schemes. Both materials have potential in light source development related to LEDs or phosphor applications.
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