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Abstract: Chromium- and cobalt-doped zinc selenide nanoparticles were synthesized using a low-
temperature reactive solution growth method. The morphological and optical characteristics were
compared to those of doped zinc selenide (ZnSe) bulk crystals grown by the physical vapor transport
(PVT) method. We observed agglomeration of particles; however, the thioglycerol capping agent
has been shown to limit particle grain growth and agglomeration. This process enables doping
by addition of chromium and cobalt salts in the solution. A slightly longer refluxing time was
required to achieve cobalt doping as compared with chromium doping due to lower refluxing
temperature. The nanoparticle growth process showed an average particle size of approximately
300 nm for both Cr- and Co-doped zinc selenide. The optical characterization of Co:ZnSe is ongoing;
however, preliminary results showed a very high bandgap compared to that of pure ZnSe bulk crystal.
Additionally, Co:ZnSe has an order of magnitude higher fluorescence intensity compared to bulk
Cr:ZnSe samples.

Keywords: zinc selenide; growth; nanocrystals; clustering; reactive Solution; physical vapor
transport; morphology; fluorescence

1. Introduction

Zinc selenide (ZnSe) and zinc sulfide (ZnS) have been studied for several decades for
their industrial applications. Their low absorption coefficient and wide transparency range
are key parameters for commercial and military devices and components. ZnSe is used
for anti-reflection coatings, optical windows, lasers and other optical applications due to a
very low absorption coefficient across a wide transparency range [1-7]. The low absorption
coefficient is a very important parameter to achieve a high laser damage threshold in their
transparency range. Several papers have been published to evaluate suitability of both
ZnSe and ZnS for laser host materials [1-3,8,9]. For this reason, ZnS and ZnSe have been
suggested to be excellent matrix materials for doping with rare earth and transition metal
ions (Cr?*, Co?*, Ni?* and Fe?*). These dopants are used as activators in a bulk matrix
for lazing, and doping enables an important pathway to achieve laser action in the mid-
wave infrared (MWIR). The foundation of vapor growth of ZnSe crystals using physical
vapor transport was established by Lehoczky and his group [8-11]. They grew crystals
to optimize growth parameters, and significant progress was made to grow large single
crystals by vapor transport method. The vapor transport method utilized for the crystal
growth of this class of materials is affected significantly by several parameters such as
fluid flow, solutal and thermal convective effects. These flows were extensively studied by
performing microgravity experiments. Defects and inhomogeneity in the ZnSe matrix cause
significant decreases in the performance of the material. Furthermore, single-crystal growth
is very time consuming and costly. To avoid these problems, we investigated a low cost and
low-temperature process to develop nanoparticles of doped ZnSe. We report morphological
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and optical characteristics of cobalt doped nanoparticles and compare the characteristics
with chromium-doped bulk materials and chromium-doped ZnSe nanoparticles.

2. Experimental Methods and Results
2.1. Growth of Bulk ZnSe and Morphology

Details of growth and characterization of ZnSe crystals were described earlier [8-10].
Bulk grown crystal was cut and centimeter-size slabs were polished on parallel surfaces.
These crystal slabs were evaluated by using variety of methods. A parallel polished
fabricated Cr:ZnSe 1 cm disk is shown in Figure 1. This fabricated disc was used for
detailed optical characterization. The optical distortion of the disc was evaluated by using a
wire mesh (Figure 1b behind the crystal slab). There was no optical distortion in the crystal
nor were there any voids, inclusions or precipitates.
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Figure 1. Transparency of ZnSe slabs shown with (a) paperclip and a (b) wirenet on the background
to determine the bulk defects and distortion.

The micro and nanomorphology were studied using a scanning electron microscope
(SEM) model NOVA NANOSEM 450. This study was performed at an applied voltage
of 5 and 10 kV to determine the morphology at different penetration depths. Bulk ZnSe
morphologies similar to that shown in Figure 2 were previously observed and reported to
contain elongated crystallites due to variation in localized deposition rates [12,13]. This is
more common in incongruent transport, wherein the varying vapor pressure of the dopants
is different from the ZnSe material. The localized deposition rates during growth can cause
recrystallization, cell-like structures, and arrays of line defects similar to that shown in the
micrograph. This morphology also indicates some stress-induced substructures in the bulk
material. High thermal gradient, fast and uneven cooling rates also create stresses on the
crystal surfaces. We observed boundaries oriented in a [110] direction. Similar detailed
orientation and crystallographic analysis of low and high concentration sulfur doped ZnSe
that were used as reference for the analysis in this paper are described in reference [12].
Figure 2 shows a regular pattern of grains oriented in a single orientation and facets of
micrometer size also grew in the same orientation. The line defects may be generated due
to interface breakdown during the transport process. Small crystallites grew on top of the
surfaces of the facets due to secondary recrystallization. The observed micromorphology
did not indicate gross defects or discontinuities that could cause very large voids in the
crystal. The figure also shows layered growth of facets and ridges which can generate
stepped crystallites.
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Figure 2. Morphology of the bulk doped ZnSe showing faceted, elongated micrometer size crystallites.

2.2. Synthesis and Morphological Characteristics of Cr-Doped ZnSe Nanoparticles

Several experiments were performed to grow nanoparticles of zinc compounds using
variety of methods. These methods involved high temperature solution and microwave
methods [14,15]. The present study involves recrystallization of Cr-doped ZnSe nanopar-
ticles at a low temperature in a reactive solution method. Analytical grade zinc acetate
and sodium selenite were used as source material. For the synthesis, a solution of 0.1 M
concentration of zinc acetate was prepared in approximately 50.0 mL dimethylformamide
(DMEF). Continuous stirring was performed for 15-20 min for uniform mixing. There is a
strong tendency of precipitation and clustering in the solution. To reduce clustering and
precipitation, we prepared and added 1-2 mL of thioglycerol as a capping agent. A volume
of 20 mL sodium selenite solution was prepared to 0.5 M and then added to the zinc acetate
in dimethylformamide. At the early stage of the reaction, a grey-orange precipitate was
observed. As a function of time this solution turned into orange precipitate containing so-
lution on the top of the precipitate. This solution mixture refluxed at 95-100 °C for a period
of one hour to ensure complete reaction. The solution was continuously stirred and 1 mL
isopropanol was added to the reaction mixture. Continuous stirring was provided to ensure
uniform mixing. At this stage, we observed that the orange color of the hot solution slowly
faded. After cooling to room temperature, two layers of gray and green colored colloidal
precipitate were observed. Figure 3 shows the color of this solution. Cr doped ZnSe sam-
ples were prepared using 0.1 g of chromium(II) chloride hexahydrate solution (ACS reagent,
98%) which was added to 50 mL aliquots of the prepared ZnSe solution before refluxing
each aliquot individually. Continuous stirring was used to avoid precipitation. The color
of the colloidal/precipitate layer was a green-grey settled in the bottom portion of the
reaction container. Previous studies compared the pre-capping and post-capping addition
of thioglycerol in the solution and its effect is reported in the reference [16].

The morphology of the Cr-doped ZnSe nanoparticles is shown in Figure 3b for the
samples freshly prepared in the solution. Figure 3b shows the morphology of the aged
nanoparticles kept at room temperature for a period of one month. We observed significant
coarsening and clustering during the aging process. Because of this reason, nanoparticles
are shown grouped together.
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Figure 3. (a) Cr-doped ZnSe nanoparticles in solution; (b) morphology of nanoparticles in
the solution.

2.3. Synthesis and Morphological Characteristics of Co-ZnSe Nanoparticles

The synthesis process for the Co-doped ZnSe was very similar to the process described
in Section 2.2 for the Cr-doped ZnSe. For cobalt doping, we added 1.0 g (4.2 x 103 mol) of
cobalt chloride hexahydrate (CoCl, , 6H,O) to the zinc acetate solution in DMF and contin-

uously stirred for a period of one hour until complete dissolution. After preparing pure
ZnSe nanoparticles, we refluxed for 3 h with temperature held at 80 °C to ensure complete
reaction. Since we used a lower temperature, this system required longer time for refluxing.
The color changed to cloudy grey-white, as shown in Figure 4a. The morphology of the
as-synthesized material consisted of highly facetted nanoparticles jointed and bunched
together. A large number of particles are joined with each other and these bunched particles
were separated with solvent. When this material was aged by keeping at room temperature
for 30 days, we observed that faceted particles had slightly non-faceted surfaces.
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Figure 4. (a) Co:ZnSe nanoparticles, as observed in the flask and (b) morphology of aged sample for

30 days at room temperature.

2.4. Measurement of Particle Size

SEM and dynamic light scattering (DLS) model Malvern Zetasizer Nano-ZS were
used to determine the particle size of both Cr-ZnSe and Co-ZnSe materials. The results
displayed in Figure 5 show that aging enhances the agglomeration. It was observed that
Cr-doped ZnSe had a large number of particles remaining smaller than 1 nm that is due to
unreacted material. Additionally, some small and large agglomerates were present in the
solution. The sizes of these agglomerates were in the range of 300-1000 nm. We expected
agglomerates of clustered nanoparticles since the reacted solution was kept for a period
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of one month. This study was focused to determine the grain growth by coarsening.
This also indicates that capping process requires further improvement. The clusters and
coarsened particles of different sizes, which appeared as small faceted needles and plates,
were observed by SEM.

20

sy
o

Intensity (Percent)
b=

o

Size (d.nm)

Figure 5. Scattering data determined by dynamic light scattering indicating size distribution for the
aged Cr doped ZnSe.

The typical data for the aged cobalt sample with concentration in the range of 103 mol
showed a distribution of particles as shown in Figure 6. The maximum distribution was
in the same range as it was observed for the Cr-doped material. In the case of Co-doped
ZnSe, the intensity was lower compared to Cr-doped ZnSe. The range of 300 nm size was
observed for both dopants in ZnSe.
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Figure 6. Scattering data determined by dynamic light scattering indicating size distribution for the
aged Co-doped ZnSe.

2.5. Optical Characterization

The optical parameters, including absorption, excitation and emission, were studied
to measure the steady-state luminescence spectra in the near-infrared wavelength regions.
An Edinburg F920 fluorescence spectrometer with xenon lamp source and cadmium se-
lenide detector was used to measure the emission and photoluminescence. The data
were analyzed using Acton SpectraPro 500i software developed by Princeton Instruments.
For the excitation source, we used 35 mW power and exposed the crystal slab to different
wavelengths at room temperature. The acquisition time for the data collection was 1 s using
1 nm steps for 10 accumulations.

Figure 7 shows the emission characteristics of the Cr-doped bulk crystal for excitation
wavelengths of 350, 360 and 370 nm and the emission was observed at 400, 410 and 420 nm.
The peak at 670 nm indicates the presence of some Cr!* in the sample in addition to the
Cr?*:ZnSe. Similar data were taken for the excitation at 860, 870 and 880 nm, and we
observed emission at 1294, 1312 and 1326 nm. The observed small shoulder peaks in each
case can be attributed to the variation of nanocrystals and also to different trap sites.
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Figure 7. Fluorescence spectra of Cr-doped bulk ZnSe excited at 350, 360 and 370 nm with a
380 emission filter.

The fluorescence data for the pure and doped ZnSe nanoparticles synthesized at low
temperature were determined at room temperature. An excitation source of 280 nm was
used for the fluorescence of the nanoparticles in solution. Figure 8 shows the fluorescence
results for the undoped and Cr-doped ZnSe nanoparticles. Pure and doped samples
showed high intensity peaks around 336 nm. We observed that the intensity of the doped
Cr-ZnSe is much higher. The positions of additional peaks are observed close to 390 and
430 nm. These are similar to that observed for the bulk Cr-ZnSe. For several studied
samples, we observed that there are two main peaks between 380 and 440 nm with much
weaker intensity compared to the first peak at 336 nm. This is indicative of a solvation
cage along with agglomeration that may cause a second set of bands to appear from the
solution. It is expected that some type of rearrangement of energy due to morphological
changes may be occurring. These changes in morphology and rearrangement can affect the
bandgap and produce different transitions. Although the direct bandgap of the bulk ZnSe
was approximately 2.7 eV, for the nanoengineered materials the cutoff wavelength indicates
a bandgap of 3.8 eV. As shown in Figure 8, the intensity at 380 nm for the nanoengineered
doped ZnSe at 380 nm was at least one order of magnitude higher than that of undoped
material. The difference in magnitude cannot be easily explained except that it may be due
to the residual impurities present in the solvent.
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Figure 8. Fluorescence spectrum of pure and doped ZnSe nanoparticles.
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2.6. Optical Characteristics of Co-ZnSe Nanocrystals

The experimental transmission curves for ZnSe and Co:ZnSe nanoparticles were used
to determine cutoff wavelength and bandgap using the relation:

£ — 1240 eV
8 /\Cutoff(nm)

The bandgap of the pure ZnSe nanoparticles is estimated to be 4.6 eV. The bandgap
for Co:ZnSe is estimated to be 4.8 eV.

The fluorescence spectra of the pure ZnSe and Co-doped ZnSe materials determined
at room temperature are shown in Figure 9. The measurements were performed under
flash lamp excitation. The main peaks for ZnSe and Co:ZnSe are observed at 337 nm and
274 nm, respectively. While the similar trend of Co:ZnSe having a higher energy bandgap
is observed, the separation between the two peaks increased from 13 to 63 nm, or 0.2 to
0.8 eV. This increased separation may be due to a rather large stokes shift for the ZnSe
nanoparticles of approximately 0.9 eV or 8000 cm ! and further studies will clarify if
this is the case as it may be due to impurities in the solvent or due to the polydispersity
present in the samples as it is well known that nanoparticle size directly impacts electronic
properties [17]. The polydispersity, however, is expected to have little impact because the
large particles present in the samples as indicated by DLS intensity in Figures 5 and 6
are due to one single large cluster in each sample and the <1 nm particles are unreacted
metallic material that would produce no bandgap. Future work that focuses on increasing
monodispersity will help to substantiate this claim.
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Figure 9. Fluorescence of pure and Co-doped ZnSe nanoparticles synthesized in solution.
3. Conclusions

The low-temperature solution synthesis was performed using reactive flux method for
the Cr- and Co-doped ZnSe nanoparticles. Morphological and optical characteristics were
determined and compared with undoped and bulk ZnSe crystals. In the case of both doped
ZnSe nanoparticles, a higher bandgap was observed compared to the value determined for
the PVT-grown bulk ZnSe crystals. The Co-doped ZnSe nanoparticles showed an order of
magnitude higher emission intensity observed compared to the pure ZnSe nanoparticles
prepared by the reactive solution method. Further studies are required for the intensity

disparity and for the wavelength shifting which we attributed to impurities of the solvent
used in this study.
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