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active fiber media that could meet the needs of a robust monolithic laser 
system that is stable against misalignment, and compatible with any 
cooling system that is required to maintain a good control of the beam 
quality for high power loading. While the ability of ChGs to be drawn 
into fiber is a well-known fact [5,17–19], this is difficult for crystalline 
media, though recent efforts have shown promise via integration 
directly into the core of optical fibers during the drawing process [20]. 
Another synthesis route toward the production of candidate hosts for 
MIR fiber lasers is the direct production of Fe2+ doped ZnSe crystalline 
media into the core of a silica capillary by high pressure chemical vapor 
deposition (HPCVD) [21]. While suitable spectroscopic attributes have 
been shown, the presence of a hole in the center of the optical fiber 
represents a critical limitation of poor optical gain in the final fiber laser 
active media. Recently, promising results to fill the hole has been shown 
by using chemical vapor transport [22]. 

To obtain a homogeneous composite material with a well-dispersed 
secondary crystalline phase (micro or nano-particles) in the glass matrix, 
two main approaches can be used. The first relies on the formation of a 
glass followed by its partial crystallization during a post-synthesis heat 
treatment step [11]. This route, while possible, requires tailoring the 
composition of the glass matrix in order to specifically favor the 
nucleation and growth of ZnSe nanocrystals, at the expense of any other; 
this strategy is difficult due to the ability to control selective crystal 
growth in IR transparent glasses. The second is based on a two-step 
synthesis protocol that consists of grinding a glass and then mixing it 
with the desired ZnSe micro/nano-crystals powders prior to remelt [5]. 
This technique will be referred to as the “grinding remelt” technique. 
Target material attributes for such an approach demand good physical 
stability of the crystalline dopant within the melt chemistry at temper
atures and times associated with the remelt process. Additionally, no 
phase transformation must occur, the dopant species must not diffuse 
out of the crystal, and refractive index matching between the crystallite 
and the host matrix must be maintained after the remelt and subsequent 
fiberization. Lastly, doped crystallite and glass matrix stability (against 
dissolution and further crystallization of new phases or crystallite 
growth) must be maintained during fiber formation. These attributes 
define the complexity of the multi-material processing challenge. 

To realize a homogeneous composite material comprised of well 
dispersed, dissolution-resistant particles in a ChG host that exhibits low 
optical loss (absorption and scatter), no crystallization of undesired 
phases, a matrix that preserve the attributes of the active Fe2+:ZnSe 
crystalline phase and is amenable to being drawn into a fiber without a 
subsequent increase in loss, the choice has been made to use the grinding 
remelt technique in this study. Our choice relies on the method’s 
advantage in allowing unique control of the dopant and matrix glass 
particle properties, prior to and during their incorporation in the com
posite material. The present study expands on how one might carry out 
such optimization in these various attributes in a repeatable manner to 
enable a high quality preform suitable for making low loss fiber. 

In a previous publication [5], we presented a study on the develop
ment of an optimized glass composition designated as base glass (BG); 
this base glass, containing As-S and Se has been designed as the com
posite’s matrix, tuned to match the refractive index of ZnSe. The optical 
and viscosity properties as well as the very good fiber drawing capability 
of this glass, of composition 94.6 As2S3 – 5.4 As2Se3, was demonstrated. 
In the second part of this publication, we investigated the stability and 
dissolution behavior of (bare) ZnSe in this BG host as a function of the 
time and the temperature of the remelt heat treatment. The results 
revealed a propensity of ZnSe to be dissolved during the melting process 
and the formation of ZnS micro-crystals that increased when rising the 
time and temperature of remelt. These results illustrated the challenge of 
maintaining the stability of Fe:ZnSe particles when mixed into a ChG 
glass matrix and how such stability is essential to maintain the charac
teristic absorption and emission behavior required for lasing in the 
target spectral regime. 

The objective of the present study is to show a method that stabilizes 

to eliminate the dissolution behavior of ZnSe in the base glass (BG) 
matrix during the remelt process. Here we investigate the use of a core/ 
shell crystallite design where the ZnSe shell chemistry and morphology 
attributes have been engineered to ensure survivability during the 
composite material synthesis. The material selected to form the shell is 
Al2O3 due to its stability at BG (re)melt temperatures and it’s diffusion 
barrier characteristics [23]. These attributes enhance the likelihood of 
preventing ZnSe decomposition and reprecipitation with the sulfur 
present in the glass matrix (resulting in ZnS), along with any iron 
diffusion out of ZnSe micro-crystals. Additionally, the very high melting 
temperature and thermodynamic stability of Al2O3 enhance the likeli
hood that any partial degradation of the alumina shell would be small in 
the context of the low melt temperatures (~650 ◦C) and short melt times 
(hrs) of the remelt process. The preparation of core/shell particles 
employing Al2O3 as a protective layer via atomic layer deposition (ALD) 
[24–26] has been extensively studied in other applications. Indeed, the 
self-limiting nature of ALD leads to the formation of smooth, conformal, 
continuous and pin-hole free Al2O3 films [24], desirable attributes to 
prevent the dissolution of ZnSe core particles. It is envisioned that 
promising ALD coating strategies shown to stabilize ZnSe particles can 
be directly extended to active Fe:ZnSe crystallites. 

In this work, we present results on the use, for the first time to our 
knowledge, of ZnSe/Al2O3 - core/shell particles made by ALD in an 
optical composite. We report on the dissolution behavior of micro- 
particles during the remelt process in a ChG matrix, the effect of the 
shell thickness, the loading level and an ozone pre-treatment of powders 
on the stability of the coated particles. These variables are studied by 
examining composites with X-ray diffraction (XRD) and Raman spec
troscopy. On the other hand, the use of ozone, instead of the commonly 
used H2O, as an active oxidant during the ALD process can be employed 
to improve the quality of resulting ALD Al2O3 films [27,28]; this quality 
is improved since the formation of defects such as Al–Al and OH bonds 
and carbon contamination from the precursor trimethylaluminum, is 
reduced. Here, we will show how ozone treatment can favorably impact 
the stability of ZnSe coated particles as a pre-treatment step, before the 
ALD process. We will also present the impact of the loading level on the 
IR transmission behavior of the composite materials. In a second part of 
our study, the effect of the ozone treatment on the powders prior to ALD 
will be examined by XPS, and finally the quality of the shell will be 
investigated using transmission electron microscopy (TEM). 

2. Experimental section 

2.1. Preparation of core-shell ZnSe particles 

Commercial bare ZnSe powders (0.5 g batch), with a size of 10 μm 
and less, was placed into a ‘barrel reactor’ and loaded into an ALD 
viscous flow reactor for treatment. This is shown in Fig. 1. Details of this 
system have been reported previously from the perspective of depositing 
films on planar substrates [29]. Here the ALD reactor is suitably modi
fied to accommodate powder samples. The rotating barrel reactor (1.5′′

in diameter and 2′′ long) is made of 316 steel and is lined with Teflon®. 
The magnetic drive assembly (Transfer Engineering and Manufacturing 
Inc.,) rotates the barrel along its cylindrical axis at 24 RPM to enable 
tumbling of the ZnSe powders and enable coating of all particle surfaces. 
The barrel has openings in the center on both ends to allow gasses to pass 
through, while preventing powder loss. Alternate pulses of trimethyla
luminum (TMA) (0.5 s) and deionized (DI) H2O (1 s) separated with Ar 
purge (75 sccm) for 20 s were used. The temperature of the TMA and DI 
H2O were maintained at room temperature and the furnace temperature 
was set at 180 ◦C. The ALD chamber pressure was < 1 Torr throughout 
the deposition. 

2.2. Glass and composite material synthesis 

The melt quenching technique was used to prepare ChGs of 
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see the presence of aggregates in Fig. 6.a, b and f. These particles have a 
size of few microns and are composed of sub-micron particles. These 
aggregates could also be responsible for the scattering losses observed 
on the FTIR spectra in Fig. 5, in addition to the presence of ZnS crystals. 
While undesirable, we believe the agglomeration of particles during the 
ALD process can be reduced by modifying the reactor characteristic and 
the large aggregates that could be formed during the ALD ( ̴ 20 μm and 
more) can be selectively removed by a simple sieving of the coated 
particles after the deposition. 

5. Conclusion 

As an attempt to suppress the dissolution behavior of ZnSe in a 
chalcogenide base glass matrix of composition 94.6 As2S3 – 5.4 As2Se3, a 
new protocol involving the formation of an amorphous Al2O3 protective 
shell on the particles by ALD has been proposed. The XRD pattern of the 
resultant composite materials made by the so-called grinding remelt 
technique, with different ALD cycle numbers, coated particle loading 
levels and remelt duration have been studied. The results reveal a drastic 
reduction of the extent of ZnSe particle dissolution using ozone as a 
pretreatment step followed by alumina coating of the ZnSe particle. A 
concurrent decrease in the dissolution with the increase of the shell 
thickness, was also observed. The presence of ZnSe micro-crystals within 
the doped ChG composite were confirmed by combined Raman and 
optical microscopy. Moreover, the effect of an ozone pretreatment per
formed on the powders prior to the ALD was investigated, and results 
show a significant increase in the survivability of the ZnSe particles as 
compared to their non-ozone treated counterparts, while prepared 
under identical remelt conditions. Further analysis on ozone treated 
powders by XPS shows that the treatment induces an oxidation of the 
surface particle and the formation of a Se-O layer, which results in a 
modification of powder surface chemistry rendering the particles hy
drophilic. We believe this hydrophilicity greatly enhances the interface 
whereby the ALD coating can adhere, as it is believed to reduce the 
incubation cycles required to form stable layer formation during the 
deposition of Al2O3. It was also noted that some variability in the ALD 
process conditions still remain, as batches of coated powders prepared 
with identical cycle times exhibited different dissolution stability, as 
evidenced by the slight presence of ZnS in some composites formed with 
300-OZ powders. A batch-to-batch analysis on the powders by HR-TEM 
revealed the formation of a conformal Al2O3 shell on the majority of the 
powders, but also the absence of the protective layer on some particles of 
the batch suggesting a partial dissolution when used for the preparation 
of the composites. Lastly, the transmission properties of the composite 
materials have been characterized by FTIR and Mie scattering losses 
were observed. These losses appeared to increase with the loading level 
and can be related to either the presence of ZnS micro-crystals formed as 
a result of partial dissolution and/or the presence of aggregates of coated 
ZnSe particles during the remelt process. This agglomeration was most 
pronounced for the highest loading levels. Lastly, the role of powder 
handling clearly shows the stepwise increase in extrinsic absorption 
species associated with the multi-step composite fabrication steps. 
Nevertheless, this study shows that, when complete on all particles and 
homogenous, (i) the ozone pretreatment of ZnSe powders before ALD, 
significantly enhances the stability of ZnSe coated powders and (ii) the 
Al2O3 shell made by ALD is effective against the dissolution of ZnSe 
during a remelt process at temperatures as high as 650 ◦C and for a 
duration of up to 8 h. We believe that these results represent a major step 
towards the preparation of new composite materials that would include 
active micro-particles in a ChG matrix, through the use of the ALD 
process as a way to protect the particles by the formation of a conformal 
shell. The next steps of this work will involve the preparation of high 
purity and aggregate free Fe:ZnSe/Al2O3 + BG composite materials 
followed by their luminescence characterization on bulk and fiber 
forms. Purification of elements and powders as incremental steps in the 
process will be performed to reduce absorption in the critical 3–5 μm 

window. Additional work is also being conducted to better understand 
the impact of ozone treatment on powders and the number of incubation 
cycles required for the formation of Al2O3 by ALD. These results open 
the door towards the fabrication of Fe:ZnSe doped glass composite 
preforms which will be the subject of our next paper describing the 
optical performance of bulk composite as compared to doped fiber. 
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