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ABSTRACT

A comparative study was performed on the mid-infrared emission properties of trivalent erbium (Er*") and holmium
(Ho") doped fluorides (BaF», NaYF4) and ternary chloride-based crystals (CsCdCls, KPbyCls,)- All crystals were grown
by vertical Bridgman technique. Following optical excitation at 800 nm, all Er*" doped fluorides and chlorides exhibited
mid-infrared emissions at ~4500 nm at room temperature. The mid-infrared emission at 4500 nm, originating from the
*op > *I11» transition, showed long emission lifetime values of ~11.6 ms and ~3.2 ms for Er*" doped CsCdCl; and
KPb,Cls crystals, respectively. In comparison, Er** doped and BaF, and NaYF, demonstrated rather short lifetimes in the
microsecond range of ~47 us and ~205 us, respectively. Temperature dependent decay time measurements were
performed for the “lo» excited state for Er*" doped BaF,, NaYFs, and CsCdCl; crystals. We noticed that the emission
lifetimes of Er*":CsCdCl; were nearly independent of the temperature, whereas significant emission quenching of *Ioy
level was observed for both Er** doped fluoride crystals. The temperature dependence of the multiphonon relaxation rate
for 4.5 pm mid-IR emissions was determined for the studied Er*" doped fluorides using the well-known energy-gap law.
Using ~890 nm excitation, all studied Ho** doped fluorides and chlorides exhibited mid-infrared emissions at ~3900 nm
originating from the °Is = °I transition. The longest emission lifetime of the 3Is level was determined to be ~14.55 ms
from the Ho*":CsCdCl; crystal. The room temperature stimulated emission cross-sections for the Er** “lon, = “1;1, and
Ho*" °Is = I transitions were determined using the Fiichtbauer-Landenburg equation. Among the studied crystals, Er**
doped chlorides are more than two orders of magnitude better in terms of emission lifetimes and sigma-tau product than
the fluoride crystals.
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1. INTRODUCTION

There has been much recent interest in solid-state lasers emitting in the mid-IR spectral region (3-5 pm) due to a wide
array of applications including remote sensing of bio-chemical agents, free-space communications, molecular
spectroscopy, and medical procedures [1-17]. Rare-earth (RE) ions such as Er*", Ho**, Pr’*, Dy**, Nd**, Tb**, and Tm?*
have gained significant attention for their rich emission transitions in the 3-5 um spectral region [1-17]. However,
achieving laser operation at longer infrared (IR) wavelengths is difficult in traditional oxide laser hosts since RE ions
suffer from large non-radiative decay rates through multi-phonon relaxation (MPR). The main barrier is to find the
proper laser materials with the right dopant and host combination to obtain efficient mid-IR emission at room
temperature, and also to have suitable pumping scheme. Over the recent years, studies in mid-IR lasing have focused on
the low maximum phonon energy materials for good reason: because this aspect is required for minimizing the
nonradiative rates through MPR [3-17].

In this work, we report a comparative spectroscopic characterization between RE** (Er**, Ho®") doped fluorides and
chlorides. The representative materials for fluorides were BaF, and NaYF,. In the fluorite family, BaF, is one of the laser
hosts of interest due to its low maximum energy and high thermal conductivity [18]. Studies of visible and upconversion
luminescence spectroscopy of RE doped BaF, materials were reported [19-21]; however, very little studies were
performed for the mid-IR spectral region [16,17]. Very recently, the author reported the 4.5 pum fluorescence properties
of Er** doped BaF, single crystal for potential mid-IR laser sources [16]. RE doped NaYFa,in the form of powders,
nanoparticles, ceramics, and glasses, has been widely studied with respect to its upconversion characteristics [22-24].
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Representative ternary chloride crystals studied here include cesium cadmium chloride (CsCdCls) and potassium lead
chloride (KPb,Cls). RE doped CsCdCl; (CCC) materials have not been studied for their mid-infrared emission
properties; so far their attention has been mainly towards applications in optoelectronics and scintillators [25-29].
KPb,Cls (KPC) has already demonstrated lasing from the incorporation of several RE dopants including Er:KPC at 1.7
pm and 4.5 pum [3,4], Dy:KPC at 2.4 um [12], and Nd:KPC at 1.06 um [12]. In this paper, results of the spectroscopic
investigations of the 4.5 pm and 3.9 um emission properties of Er** and Ho®" doped fluorides and chlorides crystals are
presented, respectively.

*eiei.brown.civ@mail.mil; phone 1 301 394-2293; fax 1 301 394-0310

2. EXPERIMENTAL CONSIDERATIONS

The investigated BaF, and NaYF4 materials crystallize in the cubic structure with wide band gaps and wide transparency
ranges of 0.2-14 um and 0.15-11 pm, respectively [16,17,21-24]. The studied chloride crystals such as CCC crystallize
in the cubic perovskite structure [26] whereas KPC is a monoclinic crystal [3,4]. They all have low maximum phonon
energies between 200 and 400 cm [3,4,16,21,25]. The physical properties of all studied crystals, including their
corresponding maximum phonon energies are listed in Table 1. CCC has a low moisture sensitivity while KPC is
considered non-hygroscopic. RE3" (Er**, Ho®") doped BaF, and NaYF, crystals were grown by Bridgman technique.
RE*" (Er**, Ho*") doped CCC and KPC crystals were grown at Hampton University using a two-zone crystal growth
furnace by Bridgman technique. Details of the material preparation and crystal growth process were expressed elsewhere
[15,17]. The Er*" and Ho®" concentrations in the studied samples ranged between 1.5 and 2 x 10?° cm™.

Room temperature absorption spectra were recorded using a Cary 60001 UV-Vis-NIR spectrophotometer. Mid-IR
emission spectra were recorded after excitation with a continuous-wave Spectra-Physics Tsunami Ti:Sapphire laser. A
Princeton Instruments Acton SpectraPro 0.15 m monochromator (Apaze: 4 um, 150 grooves/mm) was used to collect the
mid-IR fluorescence spectra. The emission signal was recorded by an Infrared Associates liquid-nitrogen-cooled InSb

Table 1. Physical characteristics of studied fluoride and ternary-based chloride crystals.

Property BaF, NaYF, CsCdCl, KPb,Cl,
[16,17,21,30] [22-24] (CCC) (KPC)
. . Cubic ..
Crystal structure Cubic Cubic . Monoclinic
perovskite
Transparency 03-14 0.15-11 03-15 0.3-20
Range (pm)
Melting point ( °C) 820 780 553 434
Density (g/cm?) 4.89 4.20 3.86 4.63
Band gap (¢V) ~06.6 ~ 8.0 ~4.76 ~3.77
Refractive index ~1.47 ~1.475 ~1.72 [29] ~1.95[3.4]
Maximal phonon 324 ~ 360 ~252 203
energy (cm) [25] [3.4]
. Low
Robustness C}}f;mc:(llly Rugged moisture h Ir\z)osré;) ic
£e sensitivity e P

detector in conjunction with a Stanford Research Systems SR830 dual-phase lock-in amplifier. Fluorescence decay
measurements were carried out using the output of a pulsed (10 ns pulses, 10 Hz) Nd:YAG pumped Optical Parametric
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Oscillator (OPO) system. The emission decay transients were recorded with a LabView-driven National Instruments data
acquisition system. For temperature dependence fluorescence studies, the sample was mounted on the cold finger of a
two-stage closed-cycle helium refrigerator.

3. RESULTS AND DISCUSSION
3.1. Er** doped fluorides and chlorides

Figure 1(a) shows the room temperature ground state absorption spectra of Er*" doped BaF,, NaYFs, CCC, and KPC
crystals in the near-IR (700-1800 nm) region. All the absorption spectra were corrected for background absorption due
to Fresnel and other parasitic effects. All studied crystals showed light pink color (except for Er**:CCC) with successful
Er’" incorporation. As can be seen in the images of the as-grown boules and cut pieces of the studied crystals (Fig. 1(a)),
Er’":BaF, exhibited good optical quality whereas the Er*":NaYF, boule was largely cloudy and only a few transparent
pieces could be extracted for spectroscopy. For the investigated chloride materials, a good quality Er** doped KPC
crystal was cut from the boule whereas, for Er** doped CCC, only a low transparency and polycrystalline sample was
available. Despite having similar Er’* concentrations in these crystals, Er** doped fluoride crystals have slightly stronger
absorption than the chlorides in the diode-pumped region (800 nm and 980 nm). A partial energy level diagram
indicating the corresponding absorption lines from the ground state *1;5, is illustrated in Fig. 1(b).

2.0 @20
g > Er:BaF, (b) Mg > Er:CsCdCl, (b)
14 -
1.5} T 1.5+ 3+
oL y m ] Er \
1312 [ 1
k 9/2
1.0} 1.0t 12
‘T/-E\ ‘T’E\ 4I1312
05 4 4 205 10 e
] lg 1172 — . =
K] b Q lo/> li12 (8]
2 0.0 R 2 0.0 Ae ©
5 900 1200 1500 1soo§ 900 1200 1500 1800 © 81
o
O 2.0 O 20 X o JN
s gz > Er:NaYF, | § Hgp => Er:KPb,Clj > 6
= - = o)
£ 1.5 i[i S 15} 5
@ i3 2 : c 4 £
o j:; SRR e} 1 € £
< i [11] cl €| €
2 ol v |84
o
. i3z 2 °1° ? ?
0.5f 5 l12 0.5¢ 4 j\L |
9/2 4| 11/2
9/2 0 4
1512
0.0 . 0.0 = h =
900 1200 1500 1800 900 1200 1500 1800
Wavelength (nm) Wavelength (nm)

Figure 1. Room temperature absorption spectra of (a) Er**:BaF2 and Er**:NaYFa, Er**:CsCdCl3 and Er3*:KPb,Cls crystals. (b) A
partial energy level diagram showing the corresponding absorption lines from the ground state “l15/2.

Using the absorption data, Judd-Ofelt (J-O) analysis was performed for the studied Er’* doped fluoride crystals. A J-O
calculation was not performed for Er’*:CCC due to poor quality of the investigated sample. Additional purification and
crystal growth experiments of Er: CCC are in progress and will be reported in an upcoming manuscript. Table 2 lists the
J-O intensity parameters of the Er**:BaF,, Er’*:NaYF, and Er*":KPC crystals [13,16,21]. These J-O parameters are in
reasonable agreement with other reported values for Er**:BaF, [21] and Er*":NaYF4 [23]. The mid-IR transition of
interest in this work is the Er*" 4.5 um fluorescence arising from the *lo, = Iy, transition. Table 3 shows the calculated
radiative transition rates, branching ratios, and radiative lifetimes of the *Iy» excited state. It can be noted that the energy
spacing between the “lo» and *I;1» manifolds is about 2200 cm™ (Fig. 1(b)), and hence, the branching ratios for this
energy gap are typically small, between 1 and 2 % (Table 3). The normalized mid-IR emission spectra (*lon = *I112) of
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Table 2. Judd-Ofelt intensity parameters of Er:BaF2, Er:NaYF4, and Er:KPbCls.

Crystals o 4 L
(102 em?) | (102 cm?) | (10* cm?)
Er:BaF: 1.98 1.18 1.20
Er:NaYF, 3.97 0.96 0.84
Er:KPb:Cls [13] 0.385 1.099 0.898

Table 3. Calculated radiative rates, branching ratios, and radiative lifetime values of the “lo excited state for the investigated
Er:BaF», Er:NaYF4, and Er:KPb2Cls crystals.

Crystals Transitions (nm) ?sul) Bij Trad (MS)

“Topp = T 4510 0.573 0.016

Er:BaF:[21] “Top = L13n 1700 34.94 0.365
“Top 2 isn 802 59.227 0.619 10.45
“Topp = T 4520 0.36 0.005

Er:NaYF4 o > iz 1705 24.64 0.277
“Top > isn 815 58.20 0.719 11.02
Mo > T 4490 3.22 0.013

Er:KPb2Cls [13] “Topp > “lizn 1710 67.55 0.268
Top > isn 810 181.6 0.719 3.9

the studied Er** doped fluoride and chloride crystals obtained at room temperature under ~800 nm excitation are depicted
in Fig. 2(a). Figure 2(b) shows a partial energy level diagram with the relevant transitions. Broad emission bands were
centered ~4500 nm with a linewidth of ~ 325 nm (Er*":BaF,), ~350 nm (Er**:NaYFy), ~175 nm (Er*":CCC), and ~270

nm (Er**:KPC).
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Figure 2. (a) Room temperature normalized mid-IR emission spectra of *Iox = “I112 transition in Er:BaF2, Er:NaYF,
Er:CsCdCls, and Er:KPbCls crystals. (b) The partial energy level diagram of Er** ions indicating the excitation wavelength and
corresponding emission transition.

Figure 3 illustrates the room temperature “lo emission decay transients under pulsed excitation at ~800 nm. The most
remarkable difference between Er’* doped fluorides and chlorides is the large difference in the room temperature mid-IR
emission lifetimes. Long emission lifetimes of ~11.6 ms and ~3.2 ms were observed from Er*" doped CCC and KPC
crystals, respectively. Meanwhile, Er** doped BaF, and NaYF, crystals demonstrated rather short lifetimes in the
microsecond range, with values of ~47 pus and ~ 205 ps, respectively. These lifetime values follow the trend of chlorides
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having much lower phonon energies than the fluorides, suggesting negligibly small nonradiative decay rates for the
chloride hosts.

To gain more insight into the decay dynamics of the studied crystals, the temperature dependence of the 4.5 um decay
time was measured from 10 K to 295 K for the Er¥*BaF,, Er*":NaYF,, and Er*":CCC crystals (Fig. 4 (a)). For Er**:CCC,
the emission lifetimes were nearly constant across the whole temperature range, indicating that nonradiative decay
processes are negligibly small. In contrast, for Er**:BaF, and Er’**:NaYF,, the lifetimes exhibited a significant increase
with temperature, reaching values of ~125 ps (not included in Fig. 4(a)) and ~590 us at 10 K, respectively. This
corresponds to the emission lifetimes being quenched by ~62% and ~67% for the same temperature range, for these
respective crystals. It is known that nonradiative decay can take place due to several possible processes including MPR,
energy transfer between RE ions in different
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Figure 3. *lox2 emission decay transients of the studied Er*" doped fluoride and chloride crystals under 800 nm excitation at room
temperature.
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Figure 4. (a) Temperature dependence of the *Io.2 level lifetime values between 10 K and room temperature for Er:CsCdCl3 and
Er:NaYFj crystals. (b) Exponential energy-gap law fitting of the *Io2 level for both Er:BaF2 and Er:NaYF4 crystals.
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incorporation sites, and energy transfer to other impurities in the crystal [9,13,16,31,32]. Thus, the possibility of MPR as
the cause for the observed 4.5 pm emission quenching in Er** doped fluoride crystals was further explored. The energy-
gap law, which describes the rate of nonradiative decay due to MPR (Wypr) between rare-earth energy levels, is
expressed by [2]:

_ p PAERY_—(hlkT)1-p
W, pr = Be [I—e ] (1)

where AE is the energy spacing of the transition, 7 is the temperature, %® is the maximum phonon energy of the host
material, p is the number of phonons needed to bridge the energy gap, and B and S are both empirically derived host
dependent parameters. The detailed calculation of host dependent fitting parameters (B = 9.15 x 108 s and = 5.58 x
103 cm) for Er’**:BaF, was described by the author previously [16]. A similar approach was performed for Er*":NaYF,
crystals, which resulted in B = 0.06 x 10% s! and g = 3.75 x 10 cm. Figure 4(b) depicts the comparison of the
experimentally derived nonradiative decay rates to the theoretical MPR based on the energy-gap law. It was found that
the MPR rates do not match up between the experimental and modeled values, as a function of temperature, for the
Er’":BaF; crystal. It can be seen that there are some contributions of MPR, which suggest that other nonradiative decay
processes are active in the crystal. Another complication in Er: BaF, is the existences of multiple Er** sites which can
further complicate the de-excitation dynamics of Er** ions [16]. Studies have shown that there can be asignificant
number of Er’" clustering sites in BaF, even at a very low concentration of less than 0.1 % [31]. On the contrary, for
Er’":NaYF, the change in lifetime with temperature is consistent with multiphonon decay as described by energy-gap
law. Based on the measured emission lifetimes and the calculated radiative lifetimes (from J-O analysis) listed in Table
4, the quantum efficiency of 4.5 pm (*Io2 = *I112) emissions in Er**:BaF, and Er’*":NaYF, were determined to ~0.4 % and
~2.1 %, respectively. In contrast, for Er**:KPC it can be concluded that the emission quantum efficiency is near unity at
all temperatures. As mentioned earlier, the calculated radiative lifetime for Er*":CCC is not available at present.
However, the maximum lifetime value, from temperature dependent emission lifetimes recorded between 10 K and room
temperature, was assumed as the radiative lifetime (~13.0 ms) of the *lop = “I11,» transition, which yielded a quantum
efficiency of ~89 %.

Table 4. Room temperature (experimental), radiative lifetimes, and quantum efficiencies of “Io2 = *I112 transition for the
investigated Er** doped BaF2, NaYF4, CsCdCls, and KPb2Cls crystals. * Maximum lifetime value assumed as radiative
lifetime for Er¥*:CCC.

Crstal | (g | my |
Er:BakF: 0.047 10.45 ~04
Er:NaYF 0.205 11.02 | ~2.1
Er:CsCdCls 11.6 13.0° ~89

Er:KPb:Cls 3.2 3.9 ~100

The emission cross-section of the *Iy» = *I1;» mid-IR transition was calculated using the Fiichtbauer-Landenburg (F-L)
equation [33]: )
BAI(A)

O-em;'.:: (; ") = )
smict,, | AL(2)dA @)

where £ and 7.4 are the branching ratio of the 4500 nm emission and the radiative lifetime of the transition upper level,
respectively. [ (1) is the emission intensity at wavelength A and » is the refractive index of the host. The room
temperature stimulated emission cross-section spectra of all studied Er*" doped fluoride and chloride crystals are
depicted in Fig. 5(a), while Fig. 5(b) displays the partial energy level diagram of Er*" ions indicating the emission
transition of interest “Ilo, = *I 1. Table 5 lists the peak emission cross-sections, emission lifetimes, and the 6-t product
of the studied crystals. It was observed that the peak emission cross-sections for Er doped fluorides and chlorides showed
similar values. The -t product (where o is the stimulated emission cross-section and t is the upper laser level lifetime)
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is typically considered a good figure of merit for lasers since its value is inversely proportional to the laser threshold
under continuous wave excitation. Thus, the larger the o-t product, the lower the threshold pump power. It is noted that
the values o-t product for Er** doped chlorides are two orders of magnitude larger than the Er** doped fluorides. It is
suggested that longer lifetimes in the chlorides resulted in lower laser threshold than in the fluorides.

(a) (b)
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Figure 5. (a) Stimulated emission cross-sections for the “lo2 = *I112 transition in the investigated Er** doped fluoride and
chloride crystals 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 “lo, = *I11/2.

Table 5. Experimental lifetimes, emission cross-sections, and sigma-tau product for the *lo2 excited state for all studied four
Er*" doped fluoride and chloride crystals.

Crystal (7;:)mls (1337’(:;1)12) I;T)sl; (10'031;:2.ms)
Er:BaF: ~4495 ~0.13 0.047 0.006
Er:NaYF ~4562 ~0.12 0.205 0.025
Er:CsCdCls | ~4545 ~0.14 11.6 1.62
Er:KPb:Cls | ~4510 ~0.18 3.2 0.58

3.2. Ho** doped fluorides and chlorides

The room temperature infrared absorption spectra spanning from 700 nm to 2300 nm of Ho*":BaF,, Ho*":NaYF4, and
Ho’":KPb,Cls are shown in Fig. 6(a). The characteristic absorption bands were assigned to transitions from the °Ig
ground sate to the excited states of the Ho*" ion. A partial energy level diagram indicating the corresponding absorption
lines from the ground state °Is is illustrated in Fig. 6(b). The absorption spectrum of the synthesized polycrystalline
Ho*":CCC sample is not currently available. All the presented absorption spectra were corrected for background
absorption due to Fresnel and other parasitic effects. As can be seen in the images of the cut pieces of the studied Ho*"
doped crystals (Fig. 6(a)), Ho*":BaF, was of good optical quality, whereas Ho*":NaYF4 was rather milky in some parts of
the boule resulting in only a few transparent pieces suitable for transmission studies. We attained a good quality and
highly transparent Ho*" doped KPC sample with a light pink coloration. It is known that the absorption of the °Is level is
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typically weak in Ho®" doped materials as can also be seen in the studied Ho** doped crystals. The absorption
coefficients of the 35 excited state are found to be ~0.054 (@892 nm), 0.082 (@890.5 nm), and 0.065 (@891.5 nm) cm’!
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Figure 6. Room temperature absorption spectra of (a) Ho’":BaF2, Ho’":NaYF4, and Ho*":KPb:Cls crystals. (b) An energy level
diagram showing the corresponding absorption lines from the ground state 3Is.

for the Ho*":BaF,, Ho*":NaYF,, and Ho*":KPC crystals, respectively. Not only is the °Is level (~890 nm) of great
importance for laser diode pumping, but it also is the resonant excitation for the mid-IR emission at 3900 nm. Figure 7(a)
displays the room temperature normalized mid-IR emission spectra (°Is = °I¢) of the studied Ho** doped fluoride and
chloride crystals acquired under ~890 nm excitation. A partial energy level diagram of Ho®" ions, indicating the
excitation wavelength and observed emission transition, is illustrated in Fig. 7(b). We observed mid-IR emission bands
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Figure 7. (a) Room temperature mid-IR emission spectra of the studied Ho*" doped fluorides and chlorides centered at ~ 3900 nm
(’Is = I6). (b) The partial energy level diagram of Ho*" ions indicating the emission transition of interest >Is = °Ie.

centered ~3900 nm with a linewidth of ~ 53 nm (Ho*":BaF,), ~61 nm (Ho*":NaYF4), ~90 nm (Ho*":CCC), and ~70 nm
(Ho*":KPC). The enhancement of 3900 nm emission from Ho3* via Tm?" sensitization has been reported in BaF, [17]. To
the best of our knowledge, the mid-IR emission (3900 nm) of Ho*":NaYF, has not been reported in literature.
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Figure 8 exhibits the room temperature °Is emission decay transients of all studied Ho*" doped crystals under pulsed
excitation at ~890 nm. As was the case for Er’" doped crystals, the °Is Ho’* emission lifetimes are relatively long with a
value of ~14.55 ms for Ho**:CCC and ~5 ms for Ho*":KPC crystals. Virey et al. [14] reported mid-IR fluorescence of
~3.9 um for Ho*" doped CsCdBr; with the emission lifetime of 13 ms for °Is level, which has the similar value to the
studied Ho*":CCC crystal. In contrast, the lifetime values of Ho*" doped BaF, and NaYF. crystals were significantly
shorter, in the microsecond range of ~22 us and ~ 120 s, respectively. It can be noted that the reported emission
lifetimes for the °Is level in Ho*":YLF and Ho*":BYF crystals are also in the microsecond range of ~18 us and ~50 ps,
respectively [1].

0.1

Intesnity (arb. units)

0.01 — Ho:BaF2
—— Ho:NaYF,
—— Ho:CsCdCl,
—— Ho:KPb,Cl;
1 1 1 1
0 5 10 15 20 25
Time (ms)

Figure 8. °Is emission decay transients of the studied Ho** doped fluoride and chloride crystals under 890 nm excitation at room
temperature.

The room temperature stimulated emission cross-sections of all studied Ho*" doped fluoride and chloride crystals were
calculated using F-L method (Eq. 2), and are shown in Figure 9. The calculated radiative lifetimes for Ho’":BaF,
Ho*":NaYF4 and Ho?":KPC are determined to be 10.2 ms [34], 9.87 ms [22], and 4 ms [15], respectively. Since the
radiative lifetime for Ho’>":CCC is not avaliable at present, the experimental lifetime of the °Is level (~14.55 ms) is
applied to estimate the value of emission cross-section. The peak emission cross-sections are determined to be ~0.61 x
1020, ~0.62 x 102, ~0.44 x 102°, and ~1.4 x 10?° cm? for Ho’":BaF, Ho’":NaYF,, Ho*":CCC, and Ho*":KPC,
respectively. Due to the large difference in emission lifetimes, the obtained c-t product for the Ho** doped chlorides is
almost three orders of magnitude larger than the similarly doped fluorides. More detailed studies on J-O analysis,
temperature dependent spectra, and decay dynamics of Ho®" doped fluoride and chloride crystals will be reported in an
upcoming manuscript.
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Figure 9. Stimulated emission cross-section for the 3Is = 3l transition in all investigated Ho>* doped fluorides and chlorides at room
temperature, which were calculated using the Flichtbauer-Landenburg equation.
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4. SUMMARY AND CONCLUSIONS

Comparative mid-IR spectroscopic studies of Er** and Ho*" doped fluorides and ternary-based chloride crystals grown
by Bridgman technique were presented. All investigated crystals exhibited fluorescence in the attractive mid-infrared
region from 3 to 5 pum region. 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) of Er** and ~3900 nm
(*Is > 1) of Ho*" were observed for all studied Er** and Ho** doped crystals under ~800 nm and ~890 nm excitations,
respectively. The peak mid-IR emission cross-sections of the Er*" *Io, = I}, transition were determined to be between
0.14 - 0.18 x 102 cm? whereas values between 0.44 - 1.4 x 102° cm?> were found for the Ho*" °Is = Sl transition.
Overall, the chloride host materials demonstrated superior spectroscopic results in terms of emission lifetimes and o-1
product compared to the fluorides. However, chlorides present significant challenges in terms of crystal growth, low
thermal conductivity, and mechanical strength. Fluoride crystals can be grown with higher optical quality, though strong
mid-IR emission quenching can lead to higher laser threshold and poor overall laser efficiency. Moreover, fluorides do
offer superior thermal and mechanical properties compared to the chlorides. To conclude, materials optimization studies
will continue on Er*" and Ho*" doped low maximum phonon energy crystals to demonstrate mid-IR lasing in the 3-5 um
region.
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