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ABSTRACT

The mid-infrared fluorescence properties of erbium (Er) doped low-phonon ternary chloride-based crystals (KPb,Cls,
Cs;HfCls, CsPbCl3, CsCdCls) have been investigated. All crystals were grown by vertical Bridgman technique.
Following optical excitations at 805 nm and 660 nm, all Er** doped chlorides exhibited infrared emissions at ~2750,
~3500, and ~4500 nm at room temperature. The mid-infrared emission at 4500 nm originating from the *lon = “Ii12
transition showed long emission lifetime values of ~7.8 ms and ~11.6 ms for Er*" doped Cs,HfCls and CsCdCl; crystals,
respectively. In comparison, Er** doped KPb,Cls and CsPbCl; demonstrated shorter lifetimes of ~3 ms and ~1.8 ms,
respectively. The temperature dependence of the *Iy» decay times was performed for Er** doped CsPbCl; and CsCdCls
crystals. We observed that the fluorescence lifetimes were nearly independent of the temperature, indicating a negligibly
small non-radiative decay rate through multiphonon relaxation, as predicted by the energy gap law for low phonon
energy hosts. The room temperature stimulated emission cross-sections for the *lo», = Iy, transition were determined to
be in a range of ~0.14-0.54 x 10-2° cm? for the studied Er doped chloride crystals.
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1. INTRODUCTION

Solid-state lasers operating in the mid-IR wavelength region (3-5 pm) have attracted much interest for their various
applications in remote sensing of bio-chemical agents, free-space communications, and medical procedures [1-12]. The
development of mid-IR solid-state lasers based on traditional oxide crystals is hindered by large non-radiative decay
rates through multi-phonon relaxation (MPR). The challenge is that when we are dealing with small energy gap for mid-
IR transition, it is known that MPR is a competitive nonradiative process that can reduce the emission efficiency.
According to well-known energy-gap law, the rate of nonradiative decay through multiphonon- relaxation (Wapr)
between rare-earth energy levels is expressed by [2]:

W,,pp = Be PF[1—e "/ D 7P )

where AE is the energy spacing of the transition, 7 is the temperature, /i@ is the maximum phonon energy of the host
material, p is the number of phonons needed to bridge the energy gap, and B and f are host dependent parameters. The
rule of thumb is the more phonons required to bridge the gap between the upper and lower laser levels, the less likely it
will be for non-radiative decay to occur (Fig. 1). Therefore, the way to mitigate that is to choose host materials with low-
maximum phonon energies so that it takes more phonons to bridge the energy gap. Recently, there has been renewed
interest in ternary chlorides as laser hosts due to their low phonon energies and compatibility with trivalent rare earth
dopants [3-8]. Many rare-earth (RE) ions have rich energy level schemes offering potential emission transitions in the 3-
5 pm spectral region. Laser operation in the mid-IR spectral regions has been reported from RE doped halides and
sulfides, with maximum phonon energies of 200 to 350 cm™ [3-12].
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Potassium lead chloride, KPb,Cls has been well-studied and has shown laser demonstrations from several RE ions in the
near-IR and mid-IR spectral regions [3,4]. Cs;HfCls, CsPbCl3, and CsCdCls have maximum phonon energies of ~250-
375 em’! [13,14], which make them particularly attractive as RE hosts for mid-IR laser applications. Most of their
attention so far has been towards studies on optoelectronic, solar cell device, and scintillator applications since they are
known for their optical and luminescent properties as well as scintillation characteristics [15-17]. To the best of our
knowledge, there are no reports on mid-IR studies from Erbium doped in these three ternary chlorides. Virey et al. [18]
reported the room temperature mid-IR (3-5 pm) fluorescence properties of several RE ions doped into CsCdBrs. In this
work, preliminary spectroscopic results of the mid-IR emission properties of Er** doped low-phonon ternary chloride-
based crystals (Cs;HfCls, CsPbCl;, CsCdCls) are presented. These results were compared to previous and ongoing
investigations of Er’** doped KPb,Cls, for which laser operation has already been demonstrated.
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Figure 1. A schematic illustration of multiphonon-relaxation according to energy-gap law.

2. EXPERIMENTAL CONSIDERATIONS

KPb,Cls (KPC) is a monoclinic crystal with a transparency range of 0.3-20 um [3,4]. The rest of the chloride crystals
studied here, Cs,HfCls (CHC), CsPbCl; (CPC), and CsCdCl; (CCC) crystallize in the cubic perovskite structure [15-17].
They all have low maximum phonon energies between 200 and 400 cm™ [3,4,13,14], a wide band gap, and a wide
transparency range. The physical properties of all chloride crystals, including their corresponding maximum phonon
energies are listed in Table 1. KPC is considered non-hygroscopic whereas CHC, CPC and CCC have a varying degree
of moisture sensitivity. The Er** doped CHC and CPC crystals were grown at Fisk University using the vertical
Bridgman technique. For the growth of Cso:HfClg:ErCls (3%) and CsPbCls:ErCls (3%), stoichiometric amounts of
starting materials HfCly + 2CsCl, ErClsz and CsCl + PbCl,, ErCls, respectively were loaded into a baked ampoule. The
materials in the ampoule endured dehydration and the ampoule was sealed under a high vacuum <1 x 10~ Torr. The
ampoules were subsequently placed into a two-zone furnace and the growth rate was 3-4 mm/hour. More details of the
purification and crystal growth process were described elsewhere [15]. Er** doped KPC and CCC crystals were grown at
Hampton University using Bridgman technique. KPC and CCC were synthesized using a stoichiometric ratio of
commercial starting materials of PbCl, (5N) + KCI (5N) and CdCl, (4N) + CsCl (5N), respectively. The synthesized
KPC was then purified through 5-10 unidirectional translations in a horizontal zone-refinement system. Er:CCC was
synthesized from commercial raw materials without further purification. The purified KPC and synthesized CCC were
then loaded with 1-2 wt.% of ErCls. The synthesized Er:KPC and Er:CCC crystals were subsequently grown by a two-
zone crystal growth furnace and the growth speed of 1-3 mm/hr was used. Details of the material preparation and crystal
growth process were expressed elsewhere [19]. The Er’* concentrations in the studied samples were ranging between 1.5
and 2 x 10% cm?3. Figure 2 shows pictures of the as-grown boules and cut pieces of the studied Er*" doped chloride
crystals. All crystals were successfully doped with erbium as can be seen (Fig. 2) by a quick test for the tell-tale green
emission from UV excitation. Despite the slow cooling rate, some cracking of the crystals occurred during the cooling
process. Crack-free samples with good optical quality were selected and polished for spectroscopic measurements. It was
noted that Er:KPC showed light pink color and was stable under normal atmospheric conditions whereas Er:CCC
exhibited no inherent color and its moisture sensitivity was very low. Er:CHC showed some hygroscopicity for which
they were required to be stored within a vial of mineral oil. Slight yellow-greenish coloration and translucent character
was noticed for Er:CPC which became slightly milky after being exposed to the atmosphere for a few hours. X-ray
diffraction measurements verified the crystal structure of all of the studied chloride crystals.
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Room temperature transmission and absorption spectra were recorded using a Cary 60001 UV-Vis-NIR
spectrophotometer and a Nicolet 6700 Fourier-transform infrared spectrometer. Mid-IR fluorescence spectra were
recorded after excitation with either a continuous-wave Spectra-Physics Tsunami Ti:Sapphire laser (800-805 nm) or
using the output of a pulsed (10 ns pulses, 10 Hz) Nd:YAG pumped Optical Parametric Oscillator (OPO) system. A
Princeton Instruments Acton SpectraPro 0.15 m monochromator (Apiaze: 4 pm, 150 grooves/mm) was used to collect the
mid-IR emission spectra. The emission signal was recorded by an Infrared Associates liquid-nitrogen-cooled InSb
detector in conjunction with a Stanford Research Systems SR830 dual-phase lock-in amplifier. Fluorescence decay
measurements were carried out using the above-mentioned OPO system. The emission decay transients were recorded
with a LabView-driven National Instruments data acquisition system. For temperature dependence emission studies, the
sample was mounted on the cold finger of a two-stage closed-cycle helium refrigerator.

Table 1. Physical characteristics of all studied Er*" doped ternary chloride crystals. * The maximum phonon energy of CHC
listed in the table was determined from our own Raman spectroscopic measurement.

Property KPb,Cl, CsPbCl, CsCdCl, Cs,HfCl
(KPCO) (CPO) (CCO) (CHO)
Crystal structure Monoclinic Cublc. Cublc. Cubic
perovskite perovskite
Transparency 0.3-20 04-15 03-15 02-15
Range (pm)
Melting point ( °C) 434 610 553 820
Density (g/cm?) 4.63 3.94 3.86 3.86
Band gap (eV) ~3.77 ~3.0 ~4.76 ~6.0
Refractive index ~1.95[3,4] ~1.91 [20] ~1.72 [21] ~1.4[15]
Maximal phonon 203 ~375 ~252 x
energy (cm')) [3.4] [13] [14] ~333
Non- Low Low
Robustness hveroscobic moisture moisture Hygroscopic
YETOscop sensitivity sensitivity
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Figure 2. Pictures of as-grown boules and cut pieces of Er:KPC, Er:CHC, Er:CPC, and Er:CCC crystals. The characteristic Er**
green emission was excited with a UV source and observed from all samples except Er: CPC due to its smaller bandgap.
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3. RESULTS AND DISCUSSION

Figure 3 shows the room temperature transmission and absorption spectra of Er*" doped KPC, CHC, CPC, and CCC
crystals. The IR transmissions of Er:KPC and Er:CCC crystals were over ~60 % while the Er:CHC and Er:CPC
displayed much lower transmittance (Fig. 3 (a)). In all cases, the transmittance reduced considerably in the visible
wavelengths due to background losses. As can be seen in Fig. 3 (a), KPC and CPC exhibit a band edge at ~330 nm and
400 nm, respectively. While CCC and CHC each present wider bandgap with a band edge at 260 nm and 200 nm,
respectively. Figure 3 (b) depicts the absorption spectra of all crystals, which were corrected for background absorption
due to Fresnel and other parasitic loss effects. As indicated in Fig. 3 (c), each Er*" absorption band originates from the
115 ground state and terminates at a higher excited state. We observed strong absorption bands in the visible and weaker
bands in the IR region. It is well known that Er** has absorption bands at ~800 nm (*I;s» = “Io»2) and ~980 nm (*I;s >
“I1112), which are of great significance for laser diode pumping.
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Figure 3. Room temperature (a) transmission and (b) absorption spectra of all Er** doped studied chloride crystals. (c) An energy
level diagram indicating the corresponding absorption lines from the ground state “I15/.

Figure 4 (a) - (c) illustrates the room temperature mid-IR emission bands of Er’" doped chloride crystals in the
wavelength ranges 2400 - 3100 nm, 3000 - 4100 nm, and 4000 - 5100 nm, which arise from *I;12 = “Li32, “Fon = *lop,
and *lo, = 111> transitions, respectively. Excitation of the upper levels of these transitions was attained using ~805 nm,
which directly populated the o level, and subsequently the 111> level through radiative and nonradiative transitions.
The *Fo> level was excited using 660 nm excitation. A schematic diagram of the relevant Er’* energy levels indicating
the excitation transitions and observed emission lines is depicted in Fig. 4 (d). Broad mid-IR emissions centered at ~2750
nm (FWHM: ~80 - 130 nm), ~3600 nm (FWHM: ~160 - 350 nm), and ~4500 nm (FWHM: ~175 - 330 nm) were
observed. Virey et al. reported mid-IR fluorescence bands for ~2.7, ~3.5, and ~4.5 um for Er*" doped CsCdBr; [18] and
appeared to observe similar emission features as in the studied Er** doped CsCdCl; crystal. The emission lifetimes of the
first four excited states of all investigated Er*" doped ternary chloride crystals are presented in Table 2. In this work, the
primary energy level of interest is “lo, which is the upper level of 4.5 um transition, and for which all crystals showed
emission lifetimes in millisecond range. Figure 5 (a) depicts the decay transients monitored at ~4500 nm emission at
room temperature for all four crystals. It can be noted that the longest emission lifetimes was observed from Er** doped
CHC and CCC crystals, which showed 7.8 ms and 11.6 ms, respectively. While Er:KPC and Er:CPC demonstrated
decent lifetimes of 3.2 ms and 1.8 ms, respectively. These long lifetimes have sparked heightened interest for further
exploration on temperature dependent decay dynamics. Hence, measurements of fluorescence decay times of the *Io»
excited state for Er doped CPC and CCC crystals were carried out for temperatures ranging from 10 K to room
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temperature. As can be seen in Fig. 5 (b), the nearly temperature independent fluorescence lifetimes is consistent with a
negligibly small non-radiative decay rate for the *Io» excited state of Er** as anticipated by the energy-gap law.
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Figure 4. Room temperature infrared emission spectra of (a) *Ii12 = *li32 (b) *For2 = *loi2 and (c) *lo2 > *I11/2 transitions in Er¥*
doped ternary chloride crystals. (d) The partial energy level diagram of Er’* ions indicating the excitation wavelength and

corresponding emission transitions.

Table 2. Measured (experimental) lifetime values of the first four excited states for all investigated Er3* doped ternary

chloride crystals.
Er’* AE Er:KPb2Cls Er:Cs:HfCls Er:CsPbCl; Er:CsCdCls
Energy | (cm™) (h®~203 cm™) (h®~333 ecm™) (ho~375 em™) (h®~252 cm™)
Levels Texpt Texpt Texpt Texpt
Mzn ~ 6520 6.7 ms 10.2 ms 4.2 ms 12.3 ms
Tin ~3640 4.2 ms 4.0 ms 2.6 ms 12.5 ms
“Top ~2225 3.2 ms 7.8 ms 1.8 ms 11.6 ms
4Fop ~2760 0.4 ms 1.1 ms 0.3 ms 2.1 ms

The emission quantum efficiency (noe) can be estimated from the ratio of the experimental (Texp) and radiative lifetimes
(Trad): MOE = Texp/Traa. The quantum yield of a specific transition, 7; can be expressed by 7; = S 1ok, where S is the
branching ratio, defined as the fraction of photons specifically emitted on that transition compared to all photons emitted
from that level. Radiative lifetimes and branching ratios of RE transitions are frequently obtained from the Judd-Ofelt (J-
O) Theory [2]. For the investigated Er:CPC and Er:CCC crystals, the maximum lifetime values, from temperature
dependent emission lifetimes between 10 K and room temperature, were assumed as radiative lifetimes of *lon = *I112
transition. The spectroscopic parameters from J-O analysis for Er** doped KPC are available in literature [22] since it has
been well studied. The branching ratio of the “Io, = *I,1» transition was reported to be ~1.3 % for the Er:KPC crystal.
Since J-O analysis had not been performed yet, the stated value of 1.3% from Er:KPC was appropriated for the other
crystals in a crude estimate of their respective quantum yield. This assumption was justified because the branching ratio
for this small energy gap is expected to be typically ~1 to ~2 % [3-6,9,22]. The quantum yields of *Iy» = *I11,2 transition
were estimated to be ~1.3 % and ~1.2 % for Er:CPC and Er:CCC, respectively, which compare favorably to that of
Er:KPC (~1.1 %) crystal. The room temperature, radiative lifetimes, and quantum efficiencies of the 4.5 pum transition
(*Ioa = *111) are listed in Table 3.
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Figure 5. (a) Mid-IR emission decay transients of all studied Er3* doped ternary chlorides monitored at 4500 nm (*lor2 = “I11/2)
under 805 nm excitation at room temperature. (b) Temperature dependence of the o2 level lifetime values between 10 K and
room temperature for Er:CPC and Er:CCC crystals.

Table 3. Room temperature (experimental), radiative lifetimes, and quantum efficiencies of *lo2 = *I11/2 transition for the
investigated Er** doped KPC, CPC, and CCC crystals.

T300K Trad MNQE

Crystal ms) | ms) | (%)

Er:KPb:Cls | 3.2 3.9 ~82

Er:CsPbCls | 1.85 1.85 | ~100

Er:CsCdCl; | 11.6 | 13.0 | ~89

The stimulated emission cross-section of the *lo» = “*I11» transition was calculated using the Fiichtbauer-Landenburg
equation [23]: )
BAI(A)

8wt | A(A)d2 )

O-emi:: (/1) =

where f and 7.q are the branching ratio of the 4500 nm emission and the radiative lifetime, respectively. [ (A) is the
emission intensity at wavelength A and # is the refractive index of the host. The room temperature emission cross-section
spectra of all Er doped chloride crystals is depicted in Fig. 6 (a), while Fig. 6 (b) displays the partial energy level
diagram of Er** ions indicating the emission transition of interest “Ilo» = *I;12. The peak emission cross-sections were
determined to be ~0.14 x 10% (@ 4400 nm), ~0.54 x 10?° (@ 4505 nm), and ~0.14 x 10%° (@ 4545 nm) cm? for Er:CHC,
Er:CPC, and Er:CCC crystals, respectively. It was observed that the emission cross-sections for Er:CHC and Er:CCC are
comparable to Er:KPC (~0.18 x 10?° ¢cm?) while the emission cross-section of Er:CPC is about three times higher than
the Er:KPC value. The o-t product (where o is the stimulated emission cross-section and t is the upper laser level
lifetime) is an important parameter to characterize laser materials since its value is inversely proportional to the laser
threshold under continuous wave excitation. The larger the o-t product, the lower the threshold pump power. The c-t
products of all four Er** doped chloride crystals along with other laser relevant parameters are summarized in Table 4. It
is noted that the long lifetime leads to a large o-t product (~1.6 x 102 cm?.ms) for Er:CCC, which is over three times
higher the values obtained for the Er:KPC crystal (~0.5 x 10-2° cm?.ms). These preliminary spectroscopic parameters for
the studied Er** doped ternary chloride-based crystals compare favorably with other known IR laser transitions, which
underlines the potential of these materials for solid-state laser applications at mid-IR wavelengths.
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Figure 6. (a) Stimulated emission cross-section for the “lo, = 112 transition in all investigated Er** doped ternary chlorides at
room temperature, which were calculated using the Fiichtbauer-Landenburg equation. (b) The partial energy level diagram of
Er’* ions indicating the emission transition of interest *Iox = *I11/2.

Table 4. Experimental lifetimes, calculated quantum yields, emission cross-sections, and sigma-tau product for the *Iox
excited state for all studied four Er** doped ternary chloride crystals.

Max. n
Phonon Apeak Gem (}\.) Tmeas G-T
4 4 P 4 4
Io2 > *huz Energy (nm) ( 19/2_03 L) (10 2cm?) (ms) (10-2%¢cm?. ms)

(cm-l) ( 0)
Er:KPb:Cls ~203 ~4510 ~1.1% ~0.18 3.2 ~0.5
Er:Cs:HfCls ~333 ~ 4400 ~0.14 7.8 ~1.1
Er:CsPbCl3 ~375 ~ 4505 ~13 % ~0.54 1.8 ~0.97
Er:CsCdCls; ~252 ~ 4545 ~1.2% ~0.14 11.6 ~1.6

4. SUMMARY AND CONCLUSIONS

Initial results of a spectroscopic evaluation of Er** doped ternary-based chloride crystals, grown by Bridgman technique
were presented. Mid-infrared fluorescence properties at room temperature, as well as at cryogenic temperatures, were
explored. Broad mid-IR emission bands centered at ~4500 nm (*lo», = “*I112) were observed for all crystals under ~805
nm excitation. The room temperature fluorescence lifetimes for the *Io» manifold were measured to be ~7.8 ms, ~1.8 ms,
and ~11.6 ms for Er** doped CHC, CPC, and CCC crystals, respectively. The peak mid-IR emission cross-sections at
around 4500 nm for the studied crystals were determined to be between 0.14 - 0.54 x 102° cm? Based on the long
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emission lifetime and the large o-t product values for the 4500 nm transition, the Er** doped CCC crystal appeared to be
the most promising material among these studied chlorides for potential mid-IR lasers with low threshold operation.
Nonetheless, a big factor in the applicability of these studied materials will be how well they can withstand the
environmental conditions. For instance, Er’* doped KPC has shown laser action in the mid-IR, it benefits from being
non-hygroscopic, and it can be grown at good crystal quality. However, there is still some challenge growing this crystal
at laser quality. As for Er** doped CHC, it displayed a long lifetime but it has limited usefulness due to hygroscopicity.
While Er** doped CPC and CCC crystals showed some moisture sensitivity that could hamper laser operation, further
material optimization and engineering is necessary to ensure that their material shortcomings do not detract from their
spectroscopic potential.
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