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ABSTRACT

We report on the materials development and infrared (IR) optical spectroscopy of Dy’ '-doped into the ternary lead
halides compounds TIPb,Brs and CsPbCl; for photonic applications. The investigated Dy-doped ternary lead halides
were synthesized from purified starting materials followed by melt-growth using vertical Bridgman technique. Under
optical pumping at 1.35 pm (°H;s,—"Hoy+°F}1), broad mid-IR emissions in the ~2.9 pm (°H;3,—°Hsp), ~4.3 pm
(6H11/2—>6H13/2), and ~5.4 um (6H9/2 +Fi1p —>6H15/2) regions were observed at room-temperature. Compared to Dy:
TIPb,Brs, the mid-IR emission from Dy: CsPbCl; was significantly weaker suggesting the existence of non-radiative
losses. Temperature dependent lifetime studies and a Judd-Ofelt analysis were performed for Dy: T1Pb,Brs.
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1. INTRODUCTION

There is a continued interest in the development of lead halides perovskites and related compounds for a broad range of
applications including photo-voltaic devices, nuclear radiation detection, visible lasers, and solid-state lighting [1-3].
Bulk crystals of binary and ternary lead chloride and bromide crystals have also been intensively studied as low-phonon
energy hosts for rare earth (RE) doping leading to emissions in the mid-IR spectral region [4-8]. The narrow-phonon
spectrum of lead halide based crystals results into reduced non-radiative decay rates between closely spaced RE energy
levels with efficient emission and lasing at longer IR wavelengths. For example, RE doped KPb,Cls and RbPb,Cl;s
crystals (h®pa~200 cm™) have shown IR lasing at ~4.4 um [5], and 5.5 pm [6]. In this work, we present new results of
the material preparation and spectroscopy for Dy’ doped TIPb,Brs and CsPbCls for mid-IR photonic applications.
Spectroscopic measurements will be discussed including absorption and emission spectra as well as temperature
dependent decay times. The resulting data were analyzed to derive transition wavelengths and cross-sections. A Judd-
Ofelt analysis was performed for Dy: TIPb,Br;s to determine emission branching ratios and radiative decay rates.

2. MATERIALS AND EXPERIMENTAL DETAILS

Dy: TIPb,Brs (Dy: TPB) and Dy: CsPbCl; (Dy: CPC) crystals were grown using in-house crystal growth facilities as
described previously [7,8]. Briefly, undoped TPB and CPC materials were synthesized from high purity (5N) starting
materials of PbBr,, TIBr, and PbCl,, CsCl, respectively. For rare earth doping, a nominal concentration of ~1-2 wt% of
DyBr; and DyCl; were added to the purified TPB and CPC, respectively. The Dy: TPB and Dy: CPC crystals were
subsequently melt-grown using vertical Bridgman technique employing a two zone furnace. Nearly crack-free material
of Dy: TPB with good optical quality were selected from the middle part of the ingot and a sample of ~3 mm thickness
was polished for spectroscopic measurements. The resulting Dy: CPC material was polycrystalline with poor optical
transmission, but the sample was sufficient for initial IR emission spectroscopy.

Transmission and absorption spectra were measured using a Shimadzu UV-3600 spectrophotometer and Nicholet 6700
FTIR. The emission was excited using a modulated 1.35 um fiber-coupled diode-laser. For mid-IR emission (2-5.5 pm)
studies a 0.3 m spectrometer was employed with a grating blazed at 4 um. The appropriate long pass filters were placed
in front of the entrance slit of the spectrometer to block laser scattering. The emission signal was recorded using a liquid-
nitrogen cooled InSb detector and spectra were recorded using a lockin amplifier. The mid-IR emission setup was
carefully calibrated for the spectral response of the experimental setup. For emission lifetime studies a pulsed (10 Hz, 5-
10 ns pulses) Optical Parametric Oscillator was used as pump sources. The decay transients were measured using
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appropriate bandpass filters and recorded with a digital oscilloscope. Temperature dependent lifetime studies were
performed by mounting the sample on the cold finger of a closed-cycle helium refrigerator.

3. RESULTS AND DISCUSSION
3.1 IR Optical Spectroscopy and Judd-Ofelt Analysis for Dy: TIPb,Br;

The background corrected IR absorption cross-section spectrum of Dy: TPB is shown in Fig. 1. Intra-4f absorption
bands originating from the °H;s; ground state of Dy’" ions are indicated in the figure. The assignment of absorption
transitions was made in close agreement with published data on other Dy doped crystals [4,6].
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Figure 1. Background correction IR absorption cross-section spectrum of Dy: TPB at room temperature.

Dy: TPB exhibited several IR absorption bands suitable for optical pumping using commercially available diode/fiber
lasers at ~0.8 pum (6H15/2 4 6F5/2), ~1.3 um (6H15/2 —)6H9/2 + 6F1|/2), and ~ 1.7 um (6H15/2 —)6H11/2). Using six ])}734r
absorption bands a Judd-Ofelt (JO) analysis was performed and yielded the following intensity parameters for Dy: TPB:
Qz=10.44xlO'20 cmz, Q4=1.79XIO'20 cmz, and (26=1.20>(10'20 cm’. Magnetic dipole contributions were subtracted from
the measured line strengths as needed [4,9].

Table I: Absorption transitions, average absorption wavelengths, integrated absorption coefficients, experimental line strengths, and
calculated line strengths values for Dy: TPB.

Transition WAa\\//:lr:feth Joo(h) dr S (experimental) (S* (calculated)
Hisp > (”m)g (um/cm) (x 107 cm?) (x 102 cm?)
°H,, 2.89 0.678 3.58 3.87
H,1 1.7 0.128 1.47 1.49
Ho/+°F 10 1.3 0.739 11.21 11.13
H,,,+°Fo) 1.1 0.108 1.92 1.87
k., 0.91 0.054 1.17 1.01
SFs), 0.81 0.019 0.47 0.41

The room-temperature emission cross-section spectra and lifetimes for the 2.85 pm (6H13/2—>6H15/2), 433 pum
(6H] 1 /2—>6H13/2), and 5.41 um (6H9/2 +F N —>6H]5/2) bands for Dy: TPB are shown in Fig 2. The emission spectra were
excited using a 1.35 pm fiber-coupled diode-lasers, whereas the lifetimes were excited using a pulsed laser operating at
either 1.3 pm (for emission at ~2.9 pm & ~5.4 um) or 1.7 um (for emission at ~4.3 um). The emission transients were
nearly exponential with lifetime values of 11.1 ms, 3.9 ms, and ~0.1 ms for the 2.85, 4.33, and 5.42 pum bands,
respectively. It can be noticed that the measured room-temperature lifetimes where longer compared to the calculated
radiative decay times from the JO analysis for the ®°H,3, and °H;,,, excited states (see Table 2) suggesting possible
lifetime lengthening due to re-absorption [6]. Temperature dependent lifetime studies shown in Fig. 3 reveal a slight
increase in lifetimes for the range from 12-300 K. It is noteworthy that the measured low temperature (12 K) lifetimes of
the 2.85 um and 4.33 pum emissions are in good agreement with the JO derived lifetimes as shown in Table II.
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Additional lifetime studies of Dy: TPB samples with different geometries as well as powder samples are in progress to
determine re-absorption effects. Based on the JO analysis and temperature dependent lifetime studies it can be concluded
that non-radiative decay is negligible for the 2.85 pm and 4.33 pum emission bands of Dy: TPB and the emission
quantum efficiencies are near unity at room-temperature. This conclusion is also consistent with non-radiative decay rate
calculations assuming multi-phonon relaxations with a low-phonon energy of ho~140 cm™ and using host-dependent
phenomenological parameters as published for KPb,Brs [9,10].

Dy:TPB 4.33 um 14
144
<~ Dy:TPB
£
L 124
= 542 um 3 2.85 um
\z, 1.0 S FiptHg, t11ms
S =
g 0gd 2.85um @ 014
] 2
2 06 =
g 064 c 4.33 um
o 2 5.41 um o .
& o044 g 6F1”2+6H92 ~0.1ms 12 1~3.9ms
E ,
E o2
w 0.01+
0.0
2.5 3.0 3.5 4.0 4.5 5.0 5.5 T T T T T T

Wavelength (nm) Time (ms)

Figure 2. Mid-IR emission cross-section spectra (left) and lifetimes (right) for Dy: TPB at room-temperature. All emission
spectra were recorded under 1.35 pm diode-laser pumping. The emission lifetime transients were measured under pulsed
excitation at 1.35 pm (2.85um & 5.41 pm bands) and 1.7 pm (4.33 pm band).
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Figure 3. Temperature dependent lifetime studies for the 2.85 pm (°H 35, level) and 4.33 pm (°H, 5, level) emission bands.

Table 2: Emission transitions, emission wavelengths, branching ratios, radiative lifetimes determined from a JO analysis, and
experimental lifetimes for Dy: TPB at 300K.

.. . A Bij Trad Texp
Initial State Final State (um) %) (ms) o
*Hysp *Hisp 2.85 1 7.8 11.1
6Hll/2 6H13/2 433 15.8
*Hisp 1.7 84.2 34 3.9
*Hoo+Fiin °H, 110 542 0.6
*Hisn 2.4 6.3
*Hisn 1.3 93.1 0.4 20.1
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The decay dynamics of the 5 um emission seems more complicated and the measured lifetime is significantly shorter
compared to the radiative lifetime determined from the JO analysis with an estimated quantum efficiency of ~25% at
room-temperature. It was also noted that under 1.3 pum pumping, Dy: TPB revealed a weak yellow emission indicating
the existence of possible Dy’ upconversion processes [11]. Concentration dependent studies are needed to gain more
insight in the decay dynamics of the ®°Ho»+°F ), excited state in Dy: TPB. Based on the existing spectroscopic data and
results of the JO analysis the peak emission cross-sections were determined to be 0.76x10%° cm®, 1.42x10?° cm’, and
0.87 x10? cm? for the 2.85, 4.3, and 5.4 um emission bands, respectively. These cross-sections compare favorably to
other Dy based laser crystals and indicate the potential of Dy: TPB for mid-IR laser applications.

3.2 IR Emission Spectroscopy of Dy: CsPbCl;

Fig. 4 shows initial mid-IR emission spectra of Dy: CPC recorded at room-temperature. Compared to Dy: TPB, the IR
emissions from Dy: CPC were nearly two orders of magnitude weaker under similar experimental conditions. The
emissions from the ®H;3,—>°H;s,, and *H,;,—>°H,3), transitions were located at ~2.8 pum and ~4.3 um. The onset of the
%Hy), +°F 1> —°Hj 1> emission band was observed at longer wavelength with an estimated peak at ~5.4 pm. The emission
was truncated due to the end of InSb detector response.
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Figure 4. Normalized mid-IR emission spectra in the ~2.8 um (left) and ~4.3 pm (right) spectral regions for Dy: CPC at
room-temperature. The onset of a weak emission band can be noticed at ~5.4 um.
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Figure 5. Mid-IR emission lifetimes at 300 K and 12 K for Dy: CPC monitored at 2.8 pm (left) and 4.3 um (right).

The mid-IR emission lifetimes for Dy: CPC at 12 K and 300 K for the 2.8 um and 4 pm emission bands are shown in
Fig. 5. In both cases the transients were non-exponential and strongly temperature dependent. The 2.8 um emission
lifetimes (1/e decay times) were determined to be ~0.2 ms and ~10.0 ms at 300 K and 12 K, respectively. The 4.3 pm
emission lifetime was ~0.4 ms at room-temperature and increased to ~14 ms at low temperature. The observed lifetime
reduction with increasing temperature indicates that both mid-IR emissions are strongly quenched at room temperature.
Based on predictions by the energy-gap law, significant multi-phonon relaxations are expected for the ~4.3 um emission
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assuming a maximum phonon energy of ho~375 cm” [12] and using host-dependent phenomenological parameters for a
crystal with similar phonon-energy (e.g. LaFs, hon,~350 cm™) [9]. The 2.8 pm emission, however, is expected to be
dominantly radiative at room-temperature, which suggest that concentration effects and possible OH quenching could
play a significant role. Assuming that the measured 12K lifetimes are purely radiative, the peak emission cross-sections
were estimated to be ~1.3x10% cm” and 0.2x107° cm® for the 2.8, and 4.3 um emission bands, respectively. More
detailed studies on the mid-IR emissions from Dy: CPC are still in progress.

4. SUMMARY

The material preparation and IR spectroscopy of Dy doped TPB and CPC crystals grown by vertical Bridgman technique
were presented. The resulting Dy: TPB crystal was of good optical quality and characteristic Dy’* IR absorption bands
were determined to perform a Judd-Ofelt analysis. Based on JO-analysis and temperature dependent lifetime studies it
was concluded that the 2.85 and 4.33 pm emission efficiencies were near unity at room temperature. On the other hand,
the weaker 5.41 pm emission band was quenched most likely due to multi-phonon relaxations and upconversion
processes. The synthesized Dy: CPC material was of significantly lower quality with poor transmission. Mid-IR
emissions in the ~2.8, ~4.3 um regions were observed at room temperature with strongly quenched emission lifetimes.
Materials studies to improve the optical quality of Dy: CPC are in progress to further evaluate this crystal for IR
photonics.
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