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ABSTRACT: We demonstrate a high-throughput method for synthesizing zinc selenide
(ZnSe) in situ during fiber drawing. Central to this method is a thermally activated chemical
reaction occurring across multiple interfaces between alternately layered elemental zinc- (Zn-)
and selenium- (Se-) rich films embedded in a preform and drawn into meters of fiber at a
temperature well below the melting temperature of either Zn or ZnSe. By depositing 50 nm
thick layers of Zn interleaved between 1 pm thick Se layers, a controlled breakup of the Zn
sheet is achieved, thereby enabling a complete and controlled chemical reaction. The
thermodynamics and kinetics of this synthesis process are studied using thermogravimetric
analysis and differential scanning calorimetry, and the in-fiber compound is analyzed by a

multiplicity of materials characterization tools, including transmission electron microscopy,

Raman microscopy, energy-dispersive X-ray spectroscopy, and X-ray diffraction, all resulting in unambiguous identification of
ZnSe as the compound produced from the reactive fiber draw. Furthermore, we characterize the in-fiber ZnSe/Sey,S;
heterojunction to demonstrate the prospect of ZnSe-based fiber optoelectronic devices. The ability to synthesize new compounds
during fiber drawing at nanometer scale precision and to characterize them at the atomic-level extends the architecture and
materials selection compatible with multimaterial fiber drawing, thus paving the way toward more complex and sophisticated

functionality.
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reform-to-fiber drawing is a well-established process in as

far as silica fibers are concerned,'* and has been applied
recently to other glassy materials system with the drawing of in-
fiber devices for applications ranging from medical to
sensing.’~® In its conventional form, this process is
characterized by heating a preform and continuously pulling
it into a fiber, thereby reducing the cross sectional dimensions
while maintaining the original materials and architecture
assembled in the preform. While recent work has established
that disparate materials could be combined in the process, this
was still limited to the materials that flow at the draw
temperature. The drawing of crystalline compounds is
particularly challenging as they may undergo phase separation
and decompose even if they can be drawn in their liquid state.
To address these challenges recent work has explored the
drawing process as a new nanocomposite synthesis tool whereby
the preform reduction zone serves the role of a chemical
reaction crucible, in which materials can physically mix,
chemically react, and produce new compounds that precipitate
directly into the fiber.” "> Recent examples include the
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following: (1) the addition of silicon carbide powder into
silicon-core/silica-clad optical fibers for purifying the Si by
gettering oxygen,'® (2) the production of silica fibers with cores
comprised of the bismuth germinate family from the reaction
between bismuth oxides and germanium oxides,"" and (3) the
synthesis of ZnSe from a chemical reaction at the interface
between a Sey,S; film and a SngsZn;s electrode during fiber
drawing.'” Despite these proof-of-concept demonstrations, very
little has been done to optimize compound synthesis,
comprehensively characterize the produced compounds, or
study the underlying thermodynamics and kinetics driving the
chemical reactions. In this work, we demonstrate a versatile and
high-throughput method for synthesizing ZnSe during a fiber
draw from a scalable multilayered structure comprised of
elemental solid state Zn and Sey;S;, and provide direct atomic-
level compositional and structural analysis of the produced
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chemical compound. Furthermore, we experimentally probe the
thermodynamics and kinetics of the in-fiber compound
synthesis process. The methods described herein open a new
path toward vastly expanding the set of possible materials and
architectures compatible with multimaterial multifunctional
fibers.

ZnSe is a widely used direct bandgap semiconductor with
excellent optical and optoelectronic properties.">™** Recent
efforts have focused on producing ZnSe structures in fibers with
promising applications ran§1n§ from optical transmission to
distributed photodetection.””*” Directly drawing ZnSe from a
preform-confined melt to a fiber is complicated due to its high
melting point of 1525 °C, high vapor pressure, and tendency to
dissociate nonstoichiometrically.”** Efforts to circumvent this
problem have relied on postdraw chemical vapor deposition
techniques.'””* Recently, it was discovered that ZnSe could be
produced in situ during a fiber draw from the reaction of a Zn-
containin% electrode (SngsZn;5) and a Se-containing thin film
(Sey;S3)."* There, the possibility of fabricating ZnSe over
scalable lengths directly during fiber drawing was demonstrated,
but the methods used have two fundamental drawbacks. First,
the location of the reaction was limited only to the surface of an
electrode, while the bulk remained unutilized. Second, the
electrode used was an alloy composed primary of another
element (Sn), which had no contribution in the chemical
reaction. Both significantly restrict the volume of ZnSe that can
be produced and complicate characterization efforts. Here, we
demonstrate a new method to synthesize ZnSe which addresses
the above shortcomings. This method, based on thermal
deposition of multiple alternating layers of nanoscale-thick
elemental Zn and Sey,S;, significantly increases the volume of
ZnSe produced and importantly, enables unambiguous
materials characterization.

Parts a and b of Figure 1 depict the details of the preform
assembly and periodic multilayer architecture of the two
chemical precursors necessary to form ZnSe. The multilayer
Zn/Sey,S; structure is evaporated onto a wide conductive
polycarbonate (CPC) pad which is contacted by a metal
(Sng;Pby;) bus (see the Supporting Information, section 1, for
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Figure 1. Preform and fiber fabrication process. (a) Schematics of the
preform assembly showing the PSU cladding (yellow), CPC electrode
(black), Sng;Pby, electrodes (blue), and the Sey;S; film (red). (b)
Zoomed-in illustration of the alternately layered Sey,S; (red) and Zn
(green) films, which are thermally evaporated onto the CPC slab
(black). Eleven layers of Se,;S; (1 pm each) and 10 layers of Zn (50
nm each) are evaporated in total, while the figure shows only a part of
them. (c) Illustration of the thermal drawing process. (d, e) Scanning
electron microscope (SEM) images of the fiber cross section. Scale
bars: (d) 1 pm, (e) 200 pm.
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details). Evaporated on the opposite side of the Zn/Sey;S;
multilayers is a 50 ym thick, 10 mm wide Sey,S; film which
bridges the multilayer structure to another Sng;Pbs, metal bus,
forming a two-terminal circuit. The preform cladding material is
polysulfone (PSU), which codraws well with Sey,S;, CPC, and
Sng;Pbsy, at ~260 °C.** During the draw, the Zn- and Se-rich
layers mix, react, and precipitate ZnSe. Although the melting
temperature of elemental Zn (420 °C)** exceeds the preform
drawing temperature, the 50 nm thick Zn layers do not impede
the draw and completely react with the Se. The wide Sey,S;
layer and synthesized ZnSe form a heterojunction in this two-
terminal circuit as will be discussed later in the text. The use of
the CPC electrode allows enlarging the effective junction area
while kinetically mitigating capillary breakup that would
otherwise occur from the sheer flow at a liquid-metal/Se
interface during the draw. The relatively low resistivity of CPC
(10=10° Q cm) also facilitates charge transport from the thin
film formed on one side of the CPC pad to the metal bus on
the other side.” The assembled structure is thermally
consolidated under a pressure of 200 psi at 195 °C to form a
monolithic preform, which is drawn into meters of fiber as
shown in Figure lc—e.

Post draw, atomic-level inspection at the surface of CPC
where the Zn and Sey,S; mixed is performed using a high-
resolution transmission electron microscope (HRTEM). Figure
2(a) is a micrograph of the cross section of the as-drawn fiber
which shows a clear crystallized area surrounded by amorphous
material. Figure 2b illustrates the fast Fourier transform (FFT)
image of the marked crystalline region in Figure 2a, which
indicates that the image is viewed along the (011) zone axis of
the zincblende structure, as corroborated by comparison with
the simulated diffraction pattern as shown in Figure 2c. The

Figure 2. TEM characterization of crystallized area in amorphous
surrounding (a) a high magnification TEM micrograph of crystalline
ZnSe surrounded by amorphous material. The red ‘T’ indicates an
edge dislocation. The dashed yellow curve obtained from part d
indicates the boundary between CPC and ZnSe. Scale bar: S nm. (b)
Fast Fourier transform (FFT) image of the area marked by a dashed
green square in part a. (c) Simulated diffraction pattern along the
[011] direction of ZnSe with zincblende structure. (d) Energy-
dispersive X-ray spectroscopy (EDX) mapping of the same area in part
a. Green dots represent distribution of Se, and red dots represent
distribution of Zn. The dashed yellow line is the same as in part a.
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two parallel lines highlighted in Figure 2(a) represent {111}
planes. The spacing between the neighboring planes is 0.328
nm, from which the lattice constant of the material is calculated
to be 5.68 A. The detailed lattice structure information helps
identify the crystalline material to be ZnSe (See Supporting
Information, section 2, for details). An energy-dispersive X-ray
spectroscopy (EDX) mapping using scanning transmission
electron microscopy (STEM) as shown in Figure 2d identifies
the elements present in the same area as marked in Figure 2a.
This elemental distribution map shows that Zn and Se
dominate in the crystalline area and that they mix uniformly
at the nanoscale as shown in Figure 2d, which further supports
the claim that the ZnSe compound is synthesized during the
fiber draw. A point-by-point scan with TEM and EDX on
different sections along the fiber axis reveals that the ZnSe
islands exist randomly near the surface of CPC surrounded by
Se—S. Considering all the Zn is used up in reaction with Se—S
(as discussed later), the formed compound volume can be
estimated to be ~1% of total Sey,S;. With more layers of
alternating structure, the volume percentage can be further
increased.

In addition to HRTEM, we also characterize the fiber using
Raman spectroscopy. The Raman spectra of the thin film
illustrated in Figure 3 show that two distinctly different peak
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Figure 3. Raman characterization. Laser wavelength =532.17 nm,
beam radius =500 nm. The red trace and green trace correspond to
Raman spectra recorded from two different regions, as illustrated in
the inset. Labels A and B correspond to the regions that contain only
Sey;S; and that contain Sey,S; with ZnSe, respectively. Inset scale bar:
200 pm.

patterns exist at different regions along its length. In the region
away from the CPC electrode where no ZnSe is expected,
labeled A, all of the Raman spectra have a strong peak at 238
cm™", This is completely consistent with the Raman response of
trigonal Se, which has a single strong peak at ~237 cm™
corresponding to the A, mode.>>* This is expected since the
film in this region of the fiber is pure Sey,S;. In the region
directly beneath the CPC electrode where the ZnSe synthesis is
expected to occur, labeled B, a different Raman distribution is
measured at certain (but not all) locations (see Supporting
Information, section 3, for details). A weak peak shows up at
252 cm™'. This is also completely consistent with the Raman
spectra of thin film ZnSe where there is essentially only one
peak at 251 cm™', which corresponds to the 1LO band of
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ZnSe."”?”?® The difference in signal strength between Se and
ZnSe arises from the intrinsically strong response from Se and
the fact that the amount of ZnSe is much smaller than Se (see
Supporting Information, section 3, for details). Comparison
between these two patterns further confirms compound
formation.

We proceed to discuss the mechanism by which this unique
synthesis method can occur during fiber drawing. Noticing that
Zn has a melting temperature of 419 °C (therefore, it is still
solid at the draw temperature) and ZnSe melts at 1525 °C, it is
surprising that a solid-state compound is synthesized from a
solid-state precursor material in such a short time (the dwell
time of the preform cone in the furnace is ~20 min). In order
to investigate how this happens, thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) are carried
out on a sample comprised of alternatingly evaporated Sey,S;/
Zn layers. The thickness of the layers is the same as that in the
preform, thereby mimicking the above-described structure in
the preform. The heating process for both tests simulates the
same fiber drawing conditions. Specifically, the material is first
heated to around 270 °C, dwells for approximately 10 min, and
then gets cooled down to room temperature.

During the TGA measurements, materials with a low melting
temperature and high vapor pressure will be easily vaporized
and those with lower vapor pressures will remain (see
Supporting Information, section 4, for details). The inset of
Figure 4a shows the sample before and after the TGA
measurement. Before the measurement, the Zn/Sey,S; sample
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Figure 4. Thermal analysis of chemical reaction. (a) X-ray diffraction
(XRD) spectrum shows that the synthesized ZnSe from the TGA test
is mostly polycrystalline. Inset: image of ZnSe after TGA (right)
compared with evaporated Sey,S; with Zn (left). (b) Schematic
diagram depicting the proposed mechanism of the fiber-draw-induced
chemical reaction. The Zn layer breaks up and reacts with the
surrounding Se to form ZnSe compound. (c) DSC test runs twice: first
run shows the process of Se crystallization and melting. The negative
heat flow after the crystallization of Se indicates that an exothermic
chemical reaction is taking place. However, in the second run only the
Se melting peak shows up and heat flow is constantly positive. (d)
Reaction diagram, showing the exothermic nature of this reaction.
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Figure 5. Optoelectronic characterization and band diagram. (a) Comparison between as-drawn fiber and fiber after annealing under dark. (b)
Electrical behavior in dark and under illumination for Sey,S; thin film embedded with ZnSe particles indicates a rectifying junction exists in the
circuit, (c) Linear I-V property of pure Sey,S; shows the presence of an ohmic contact between Sey,S; and CPC, Sng;Pby,. (d) Band diagram
showing that a rectifying junction is formed between Sey;S; and ZnSe. CB: conduction band. FE: Fermi energy. VB: valence band. Vi;: built-in

potential.

has a dark metallic color. After the measurement, however, the
material remaining in the container appears dark yellow and is
identified to be polycrystalline ZnSe by X-ray diffraction (XRD)
as shown in Figure 4a, indicating that a chemical reaction
occurred during the measurement. The XRD measurement also
reveals that ZnSe has a grain size of around 63 nm (see
Supporting Information, section S, for details). This grain size is
the same order as the thickness of each Zn layer in the preform.
Based on this observation, we propose the mechanism that is
illustrated in Figure 4b, where the Zn layers are deformed and
broken into small pieces as they flow and react with the
surrounding Se fluid, precipitating out ZnSe particles. The
break-up of the Zn layer is caused by the stress generated
during drawing process, which is further determined by the
local temperature and drawing speed. The nanometer-scale Zn
thin films help achieve a thorough chemical reaction, as
indicated by XRD result in Figure 4a.

DSC measurements provide independent and direct evidence
of a chemical reaction between Se and Zn as they are heated. As
seen from Figure 4c, in the first DSC run, two peaks show up,
where the first and second peak correspond to the
crystallization and melting of Se, respectively. Importantly,
after the crystallization peak, the heat flow remains negative
(except the melting peak of Se) despite the fact that the sample
is being heated. This release of heat can only be explained by
the initiation of an exothermic chemical reaction between the
constituent materials, which is shown in eq 1* and schemati-
cally in Figure 4d.

163K

mol

Zn + Se = ZnSe, AH =

(1)
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After the material is cooled, a second DSC run is performed
on the same sample. During this second run the heat flow is
always positive, which means no chemical reaction is taking
place. This indicates that the synthesized compound has not
decomposed and that all the Zn has been used up in the
chemical reaction during the first DSC run.

The newly created compound can act as a functional
component in fiber devices. Since ZnSe is a direct bandgap
semiconductor with a bandgap of 2.7 eV*° (corresponding to
459 nm), it is an attractive material for optoelectronic devices
in the visible wavelength range. The fiber’s optoelectronic
properties are detailed in Figure S. Prior to optoelectronic
characterization, the fiber is annealed at 150 °C for 1 h in order
to crystallize the wide Sey,S; layer. In the crystallized state, the
conductivity of Sey;S; improves by about 8 orders of
magnitude.”**" as depicted in Figure Sa. The current—voltage
characteristics both in the dark and under illumination for the
annealed sample are shown in Figure Sb. The Sng;Pbs,
electrode directly contacting Sey,S; is forward biased. The
diode-like electronic behavior in the dark suggests the existence
of a built-in potential in the circuit. In contrast, a control fiber
without any Zn shows a purely ohmic response, as determined
from the linear I-V curve depicted in Figure Sc. Comparing the
distinctly different I—V behaviors and using the documented
electronic structure information of all the materials comprising
the in-fiber circuit,'”******> we can unambiguously ascribe the
built-in potential to the ZnSe/Se,,S; junction (see Supporting
Information, section 6, for details). The proposed band diagram
for this device is shown in Figure Sd) Here, we can see that
electrons are forbidden to transport through the interface of
ZnSe and Sey,S;; however, holes can easily drift from ZnSe to
Sey;S; with the help of the built-in electric field. A built-in
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potential of 0.31 eV is calculated based on the referenced
values,'>****** a5 shown in Figure Sd.

In conclusion, we demonstrate a layer-by-layer method to
synthesize ZnSe in situ during fiber drawing and provide direct
atomic-level observation and analysis of the synthesized
compound. The alternating evaporation approach central to
this fabrication process significantly increases product through-
put and enables precise control over the reaction location inside
the fiber. The methods described herein set the stage for
expanding the materials and architectures possible with fiber
drawing, thus paving the way toward more complex and
sophisticated fiber devices.
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