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Abstract: The effect of sulfur, iron, and chromium doping on the electrical characteristics of ZnSe
single crystals was studied. The crystals, grown by the physical vapor transport method (PVT)
at NASA Marshall Space Flight Center, were characterized by measuring electrical resistivity,
capacitance, and dielectric constant using LCR meter. The morphology was studied by scanning
electron microscopy to determine the crystallinity and micro defects. The measured resistivity and
dielectric constant showed tunability as the function of frequency in the range of 100 Hz to 100,000 Hz,
indicating the suitability of doped material for tuning devices. Besides, for the range from 50 mV to
1000mV, there was no difference in values for the studied frequency range, indicating no degradation
or breakdown in the material. All doped ZnSe crystals with sulfur, iron, and chromium showed a
similar trend as the function of frequency. Cr-ZnSe showed very high resistivity and lower dielectric
constant compared to S-ZnSe and Fe-ZnSe crystals.
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1. Background

Since past eight decades, binary and ternary selenides, specifically ZnSe, have proven
as an excellent multifunctional material for multiple applications, including high power lasers
operating in the ranges of mid-wave infrared (MWIR) and long-wave infrared (LWIR), surveillance,
windows, hyperspectral imagers, coatings, and environmental monitoring. The pioneering work
of Mazelsky et al. [1] demonstrated the feasibility of pulling large crystals of this class of volatile
materials. Modified melt growth methods have involved pressurized atmosphere or encapsulation
for controlling evaporation and stoichiometry. Since mid-sixties, vapor transport method with and
without carrier gases have been developed [2–6] for zinc selenide, which ultimately has turned into a
process entitled chemical vapor transport process. However, large ZnSe crystals have been grown
by vapor transport method, and attempts have been made to develop to control homogeneity in
large crystals by controlling thermal and solutal (impurity) convection during a variety of crystal
growth [7–13] to understand the effect of microgravity. For the ZnSe applications in the area of
laser development, two major approaches have been used—(a) utilizing the rare-earth or transition
metal-doped bulk single crystals and (b) thick film of ZnSe on lattice-matched substrates entitled as
quasi-phase materials (QPM) [14,15]. For both—bulk and QPM approaches—zinc selenide has been
proven [16] to be an excellent crystal because of its wide transparency range, low optical absorption,
good stability, reasonably high mechanical and polishing characteristics, and high laser damage
threshold. Studies to understand the role of convection in doped crystals [8,9,13] have provided
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insight to develop homogeneously doped crystals and uniform properties. Very similar to optical
emissivity and absorption studied extensively for ZnSe crystals [9–12], the dielectric and resistivity
values can throw lights on the quality of ZnSe crystals since the defect density and grain boundaries
both contribute significantly to dielectric constant and electrical resistivity. When an electric field is
applied in the ZnSe slab, domains are aligned, and atoms shift in the direction of the electric field.
This results in polarization due to positive and negative ions shift in their positions. This type of
alignment of the domain is greatly affected by the presence of defects and grain boundaries in ZnSe
crystal and hence affects the electrical properties. In the doped ZnSe crystals, point defects may increase
and cause additional inhomogeneity and hence changes in properties. In this paper, we studied
dielectric constant and resistivity of sulfur, iron, and chromium-doped large single ZnSe crystals grown
by physical vapor transport method (PVT).

2. Materials and Methods

Pure and doped ZnSe large bulk single crystals were grown at NASA Marshall Space Flight
Center by PVT. The details of growth parameters and optical characteristics are discussed in detail in
references [8–12] for the sulfur, iron, and chromium-doped ZnSe crystals. All these doped crystals
were grown in the same furnace and using an identical growth rate and thermal gradient. Besides,
crystal slabs under this study were taken from the same part of the crystals to avoid the difference due
to segregation on the seed end or the tail portion of the crystal. These crystals were designated as:
(a) S-ZnSe, (b) Fe-ZnSe, and (c) Cr-ZnSe. Since each dopant has different sizes and oxidation states,
we expected that defects generated and properties would be different. The concentration of each
dopant and its effect is discussed in each section.

2.1. Fabrication of Slabs for Characterization

All doped ZnSe crystals were cut by string saw and polished [11,12] on a parallel surface for
detailed characterization. Rough cut surfaces were polished by ethylene glycol (Sigma-Aldrich
Chemicals, Saint Louis, MO, USA) and SiC (Sigma-Aldrich Chemicals, Saint Louis, MO, USA).
The typical thickness was larger than 5 mm in each case.

2.2. Morphological Studies

The morphology of each crystal was determined by the scanning electron microscope FEI NOVA
NANOSEM 450 (FEI, Hillsboro, OR, USA). We used typically a range of 2 to 20 kV energy. The data
shown here are for the 2–120 kV. The SEM sensitivity for the concentration determination was limited
to 1%. The iron and chromium samples showed some signs of charging, which indicated that there
were some traces of metal impurities.

2.3. Electrical Characterization

Parallel polished surfaces were prepared for electrode bonding. We observed that both gold and
silver were stable on the ZnSe surface. We placed silver paste similar to that described in reference 24
on parallel surfaces for the electrical contact. Resistivity and capacitance were measured by Hewlett
Packard 4284A LCR meter (HP/Agilent, Santa Clara, CA, USA). The following equation was used
to determine the dielectric constant. C = εεoA/d, where ε is the dielectric constant of the material,
εo = 8.854 × 10−12, A is the overlapping surface area of the plates, d is the distance between the plates,
and C is capacitance.

3. Results and Discussion

The surface quality, bulk defects, such as voids, precipitates, and morphology, of all doped crystals
were determined to correlate the properties with these parameters. The results of each doped crystal
are described in the following sections.
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3.1. S-ZnSe Crystal

The doping of the sulfur was performed by mixing ZnS powder in the source ZnSe powder before
the crystal growth. Source material with a stoichiometric concentration of ZnSe0.91S0.09 was loaded,
and the crystal was grown by physical vapor transport method [7–12]. The growth method and details
of parameters are described by Su et al. [9–11] and have not been discussed here. Similar methods with
slight modification in geometry and growth parameters have been used [13–17] for bulk and QPM
materials by several investigators. Some other modifications have been used for Fe-doped ZnSe for
various applications [18–21], including mid-IR laser development.

As described previously, the single crystallinity was assessed [11,12] using an X-ray diffractometer
equipped with a micro source and a triple-bounce Ge crystal beam conditioner. The sulfur composition
determined using the Physical Electronics model 600 scanning Auger equipped with an argon sputter
system showed sulfur concentration much lower than doped 0.09 mole fraction. X-ray diffraction
study using the current and voltage of 35 mA and 45 kV, respectively, indicated that the sample showed
peaks, which shifted to higher angles compared to pure ZnSe and showed a single peak corresponding
to (111), indicating good crystallinity. Data are discussed in reference [11] in detail. Figure 1 shows
sulfur-doped parallel polished (a) slab and (b) a slab with silver paste on the surface. The silver paste
was used as an electrode on both surfaces for electrical measurement. The overall quality of crystal
was inferior to pure ZnSe crystals grown by PVT due to a very high sulfur doping, which caused
double-diffusive convection as well as point defects. Figure 2 shows the micromorphology of the slab.
There were small microvoids and small arrays of line defects in a few regions. This type of morphology
was possibly due to changes in the localized deposition rates and incongruent nutrients with different
vapor pressure in the growth chamber.
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Figure 1. S-ZnSe (a) polished crystal slab and (b) parallel polished slab with silver dot used for
electrical measurements.

The morphology showed a few small regions free from boundaries. In some portions, there were
overgrowth and aggregates, which could be attributed to stresses developed during uneven cooling
of large size crystal in the quartz container. Since concentration was extremely small, stress due to
differences in the lattice parameters of sulfur and selenium was not likely. The crystallites along the
boundaries developed during the cooling of the ampoule and size were in the range of 1–3 micrometers.
Within the limit of EDX, we did not observe any changes in the stoichiometry of the ZnSe matrix.

The samples used for the electrical measurements were 1.5 mm thick, and the area of the silver
electrode [22] was 2.74 mm2. The data for both resistivity and dielectric constant were determined
by measuring resistance and capacitance for the sample. The bias range was 50 mV to 1 V, and the
frequency range was 100 kHz to 100,000 kHz. The resistivity and dielectric constant are given in
Figures 3 and 4. The dielectric constant and resistivity both decreased with frequency as well as with
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increasing bias. There was a steep drop in resistivity after 120 Hz. Besides, the values observed were
higher compared to values reported for ZnSe powder. Results showed that sulfur-doped crystals
could be used for tuning devices, where dielectric constant could be tuned as a function of frequency.
Although there was a continuous change in dielectric constant as the function of frequency, for the
resistivity, this effect was more effective in lower frequency (100 to 1000 Hz) range.Crystals 2020, 10, x FOR PEER REVIEW  4 of 11 
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Figure 3. Dielectric constant of the S-ZnSe crystal as a function of frequency at different biases.
A tunability was observed as a function of frequency.

3.2. Fe-ZnSe

The source material containing iron had a composition of Zn0.96Fe0.04 Se. The iron concentration
in the grown crystal, measured by glow discharge mass spectroscopy (GDMS), showed much lower
value, and it was in the range of 4.6 × 10−4 ppm. But even such a low concentration affected the quality
of the crystal significantly. Similar to that of sulfur-doped ZnSe crystal, we fabricated Fe+2-doped
boules also into thin slabs by cutting and polishing. Good surfaces were achieved by final polishing
with silicon carbide slurry and then cleaned with glycol. Figure 5a,b show the optical bulk transparency
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without and with wire mesh in the background. We determined the bulk homogeneity, inclusions,
and distortion by the illumination of the polished crystal disk and did not observe gross defects, such as
precipitates or voids, on the polished surfaces or in bulk. There was no sign of striations due to thermal
stress or impurities. There were small cracks on the edges of the slab.Crystals 2020, 10, x FOR PEER REVIEW  5 of 11 
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There were no voids, precipitate, or crack in the slab.

Figure 6 demonstrates the micromorphology of Fe-ZnSe crystals at 10 kV power. The figure shows
microfacets and boundaries throughout the crystal. Most of these microcrystalline facets contained
textures of the growth patterns. We observed grain boundaries around the textured grains. These types
of textures were possible due to the high thermal gradient and uneven cooling of large crystals after
the growth. Due to the low thermal conductivity of these semiconductors, surfaces generally cool
faster than the bulk portion of the boule. Unlike sulfur-doped crystals, there were no microvoids,
microbubbles, and overgrown crystallites in this case. This might be due to a very low concentration
of iron compared to sulfur in the source material. The concentration of iron was below the detectivity
of the EDX instrument.
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Similar to the case of S-ZnSe crystal, measurements for dielectric capacitance and resistance
were taken for the bias voltage of 50 mV to 1 Volt and a frequency range of 100 kHz to 100,000 kHz.
Figures 7 and 8 show the resistivity and dielectric data. Both data showed a significant change in
values of dielectric constant and resistivity as the function of frequency, showing tunability in the
material. It showed that iron-doped crystals also could be used for tuning devices, where dielectric
constant could be tuned as a function of frequency. The data also showed that there was no effect
of voltage on values. Data taken from 50 mV to 1000 mV showed constant value for the dielectric
constant, indicating that there was no change in characteristics of material or breakdown due to voltage.
A similar observation was observed for the resistivity also for the applied bias voltage.
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Figure 8. The resistivity of ZnSe-Fe crystal as a function of frequency at different bias voltages.
Resistivity did not change with bias voltage.

3.3. Cr-ZnSe

The source material containing chromium was prepared with a composition of Zn0.987Cr0.013Se for
crystal growth. The chromium concentration in the PVT grown crystal, measured by glow discharge
mass spectroscopy (GDMS), showed a value in the range of 3.2 × 10−3 ppm. Similar to the case of
sulfur and iron-doped ZnSe crystals, Cr2+-doped boule was also cut and polished into slabs. Figure 9
shows the fabricated Cr-doped ZnSe disks with and without a wire mesh in the background. We did
not observe any optical distortion in the crystal slab, and it was transparent. Crystal slab did not show
any voids, crack, or precipitate. However, Cr-ZnSe was reddish in color compared to both sulfur and
iron-doped ZnSe slabs.
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background. Slab did not show voids, bubbles, and optical distortion.

The morphology determined by scanning electron microscope NOVA NANOSEM 450 system at
10 kV is shown in Figure 10 for the Cr-ZnSe crystals. The morphology indicated that Cr-ZnSe crystals
had large faceted microplates in bulk. The homogeneity of these plates was not uniform. At some
places, there were larger than 5 µm long plates with a thickness of 0.5 µm. Detailed analysis indicated
the presence of microcracks. In some portion of the crystal, we observed small crystallites, which were
generated by fractured microplates. It was clear that Cr-ZnSe crystal contained more microcracks in
bulk. Besides, Cr-doping might have affected the kinetics, and this might be the reason for the faceted
morphology. This behavior was not observed in S-ZnSe and Fe-ZnSe bulk micromorphology.
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Figure 10. Micromorphology of Cr-ZnSe crystals, showing faceted plates, microcracks, and small
crystallites of micrometer sizes.

We measured the dielectric capacitance and resistance for Cr-ZnSe crystal similar to the Fe-ZnSe slab
for the bias voltage of 50 mV to 1 V and a frequency range of 100 kHz to 100,000 kHz. Figures 11 and 12
show dielectric constant and resistivity data. The data showed a decreasing trend in the dielectric
constant and resistivity of the sample as the function of frequency, and the change in values showed
dielectric tunability in the material. The values of the dielectric constant for Cr-ZnSe crystal were
much lower compared to S-ZnSe and Fe-ZnSe crystals. The resistivity of Cr-ZnSe crystal was almost
three times higher than other crystals. This was expected since chromium is a deep level dopant similar
to vanadium. Data indicated that a high resistivity ZnSe material could be obtained by chromium
doping for very high voltage applications.
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4. Conclusions

The effects of sulfur, iron, and chromium doping on the electrical characteristics of ZnSe single
crystals were determined. The quality of doped crystals was inferior to that of pure ZnSe due to
solutal convection, which had been proven by microgravity experiments. The bulk transparency and
morphology were studied by scanning electron microscopy to determine the gross defects, crystallinity,
and micro defects. Measured resistivity and dielectric constant for all doped crystals showed tunability
as the function of frequency in the range of 100 Hz to 100,000Hz, indicating the application of doped
ZnSe as tuning devices. For the bias range of 50 mV to 1000 mV, there was no difference in values for
the studied frequency range, which showed no breakdown in the materials. Cr-doped ZnSe had the
highest resistivity, indicating its possible applications in very high voltage devices.
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