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Abstract
Spatial dispersion in ZnP2-D48 has been studied. The spectral dependences of the refractive index nс (Е||с, k||a), nа (Е||а, k||с)
and nb (E||b, k||c) had been determined. ZnP2-D48 crystals are isotropic at λо=612nm wavelength, in case of crossed polarizators
a transmittance maximum is observed. It was shown that the dispersion is positive nc(Е||с,k||a), nа (Е||а,k||с) > nb(E||b,k||c) in
λ>λ0 region, the dispersion is negative nс (Е||с,k||a) at λ<λ0, and ∆n=nс –nb =0 at λ=λ0. The LIV characteristics of Me- ZnP2-D48
diodes had been studied at different temperatures, the temperature dependences of the “imperfection” factor δ for different
Schottky barriers. Capacitance voltage characteristics of Ме- ZnP2-D48 photodiodes obtained by electrochemical deposition of
metal and by thermo-chemical spraying in vacuum had been studied. The dependence of diffusion potential ФВ on the work
function of the metal ξm(С) has been revealed. The influence of birefringence and gyration on spectral characteristics of p-n
photodiodes and Schottky diodes had been revealed. The ability of controlling photodiodes’ characteristics was obtained using
the gyration particularities in ZnP2-D48 crystals.
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1. Introduction
Zinc diphosphide is a wide gap semiconductor material of
А2В5 group, which possesses the anisotropy of optical
properties with natural gyrotropy [1 – 6]. Devices of quantum
electronics and nonlinear optics had been elaborated basing
on ZnP2 crystals, which operating principle is based on
gyrotropy and nonlinear crystal polarizability [7 – 12]. The
values of nonlinear polarizability and gyrotropy of ZnP2 are
higher than those for other crystals [8, 13]. The low thermal
conductivity of ZnP2 crystals (10 W/m • K) is used to create
laser beam deflectors with thermally induced gradient of the
refractive index [9, 10]. It was shown the possibility of
creating magneto-optical modulators basing on crystals of
zinc and cadmium diphosphide, magneto-optical sensors for
measuring the magnetic field [11, 13].
The technology for producing p-n junctions based on ZnP2
crystals, surface barrier diodes was developed [2, 3, 5, 6].
The developed photoresists based on ZnP2 posses a low

relaxation time constant and are suitable for registering
impulse radiation flows of 1·10-9s duration. Photoelectronic
emitters and photodiodes, electric switches and Zener diodes
had been developed based on ZnP2 single crystals [14 – 17].
ZnP2 crystals change the optical activity with temperature
change, while maintaining the linear dependence of the
rotational ability of polarization plane on the temperature
(temperature sensors) [15, 16].
The birefringence properties on perfect, high-quality ZnP2
crystals, LIV, capacitance-voltage characteristics, and
photovoltaic characteristics of p-n-ZnP2 structures, (n-p-ZnP2)
are studied in this paper, including the characteristics of MeZnP2 diodes and ZnP 2-D48 - ZnP 2 -С2h5 heterojunctions. A
comparison of the characteristics of the device structures
obtained by electrochemical deposition of metal and metal
thermo-chemical spraying in vacuum on the surface of the
crystals has been made. The influence of the gyration
phenomenon on the characteristics of p-n photodiodes and
Me- ZnР2 photodiodes was examined.
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3.1. Gyration and Birefringence in ZnP2-D4 8
Crystals

can interfere in the crystal.
The edge absorption is also polarized, and it is due to
direct allowed transitions in the region of high absorption
coefficients. The energy range Eg is 2.403 eV at Е⊥с
polarization, and is 2.445 eV at Е||с polarization. These data
indicate that the band gap at Е⊥с polarization is less than at
Е||с polarization. The zones’ splitting value is 42meV at 9K
[2, 3].
The transmittance spectra of ZnP2-D48 crystals are
measured at room temperature in the Е||а and Е||в
polarizations for undoped samples (z1) in the 560-1800nm
region, fig. 1, A. The crystals had approximately the same
thickness (d = 245 ± 5µm) and natural chipped surfaces. The
value of the transmittance coefficient for the Е||в polarization
is a bit more than for the Е||а polarization and in undoped
crystals (z1) and antimony-doped 1% (z2) and 1.5% (z3), fig.
1, A. The reflection spectra in the beginning of the edge
absorption for these samples are shown in fig. 1, B. It is
clearly evident from the reflection spectra that the growth of
the reflection coefficient for undoped samples (z1) starts at
shorter wavelengths. The spectral dependence of the
refractive indices for Е||а, Е||в and Е||с (z1) polarizations and
for the Е||а and Е||в polarizations in samples doped with
antimony 1% (z2) and 1.5% (z3) are calculated from the
reflectance spectra using the Kramers-Kronig method, fig. 2.

A characteristic feature of ZnP 2 -D48 crystals is the
dispersion of the refractive indices n0 and ne at the absorption
edge (birefringence), which is associated with the
peculiarities of the band structure. The selection rules of
electronic transitions determine the nature (allowed,
prohibited) of these electronic transitions. This will
determine the value of absorption and dielectric constant
in the respective polarizations, and hence the sign of
birefringence. These features lead to the rapid growth of
one of the refractive indices as approaching to the
fundamental absorption edge. This determines the
anisotropy of the interband absorption edge of the crystal
in the respective polarizations. The intersection of the
dispersion curves (isotropic point - IP) from the long
wavelength side of the absorption edge is observed in
ZnP 2 crystals.
The absorption is small and it is determined by several
mechanisms in the region of transparency of the crystal –
by natural optical activity or local polarized absorption
bands of the impurities, defects, etc. The existence of two
types of waves in the crystal – ordinary and extraordinary,
for which there are two refractive indices n 0 and n e, is
determined by the crystal’s dielectric tensor ε (ω, k),
which depends on the frequency ω, and the wave vector K.
The spatial dispersion, i.e. the dependence of the
dielectric constant on the wave vector K, causes the
appearance of non diagonal element εzz of the tensor’s
dielectric permittivity. Thus, the refractive index n0 > nе in
the absorption edge and n0 <nе in the transparency region.
There is also an inverse relationship. Mutually
perpendicular light waves with refractive indices n0 and nе

Fig. 1. A – Transmittance spectra of ZnP2-D48 crystals at Е||а and Е||в
polarizations for undoped samples (z1) and antimony-doped 1% (z2) and 1,5%
(z3), В- reflectivity spectra of the same samples in the beginning of the
absorption edge.

2. Experimental Method
The process of growing single crystals of zinc diphosphide
from Zn and P precursors occurred in two stages. The first
step was the synthesis conducted in a quartz ampoule placed
in a pressure container (≈ 40atm.). 300-500 grams of
substance were synthesized simultaneously. The synthesized
compound is sublimed in vacuum to obtain single crystals in
the second step. The maximum dimensions of ZnP2 ingots
obtained from the gas phase reached 10×10×20 mm. The
single crystals had been cleaved perpendicular to the C axis.
The measurements were carried out on single crystals
obtained in plates form or prisms grown along the C axis and
having a not treated mirror surface. Schottky diodes, p-n
junctions had also been obtained on the cleaved not polished
surface. Optical transmission spectra in crossed polarizators
were measured with MDR-2 and JASCO-670 spectrometers.
Low-temperature measurements were made using LTS32C330 Workhorse-type optical cryostat.

3. Experimental Results and
Discussions
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The refractive indices of undoped crystals (z1) at Е||a,
k║c, Е║b, k║c и Е||с polarizations change almost in
parallel and are increasing from λ ≈ 590nm with
wavelength decrease. The refractive indices for all
polarization grow with wavelength increase and the
spectral dependence for Е||a, k║c, Е║b, k║c intersect in
the wavelength range 600-615nm, fig. 2. The spectral
dependence of the refractive indices for all polarizations
has higher values at wavelengths range λ > 600-650nm
because the intensity of the reflected light from the
crystal’s back surface affects the reflection spectra. The
spectral dependences of the refractive indices are
determined from the interference spectra in the
wavelength range λ> 600nm at Е||с, k║a, Е||a, k║c, Е║b,
k║c polarizations, and jointed with the data from
Kramers- Kronig calculation at λ < 550 nm for undoped
crystals (z1), fig. 2, B. The spectral characteristics of the
refractive indices are intersecting at 612 nm wavelength
(λ0) for the undoped samples. This wavelength is the
isotropic wavelength of ZnP 2 crystals.

Fig. 3. А - The spectral dependence of the refractive index difference
∆n=n а–n b,? ∆n=n с–n а ?a nd ∆n=nс –n в? of ZnP 2 crystals, where n а, n, b n с
refractive indices for Е||а, Е||в, Е||с polarizations, respectively (α,β,γundoped crystals, δ- doped crystals 1.5% Sb), B - the spectral
characteristics of the rotation capacity of four undoped ZnP 2 crystals,
obtained under different processing conditions.

Fig. 2. A, В - The spectral dependences of the refractive index obtained from
the Kramers - Kronig calculations for the Е||с, k||a, E||a, k||c and E||b, k||c
polarizations for undoped crystals (z1) and Sb-doped 1% (z2), 1.5% (z3); С
– photos of ZnP 2 -D4 8 crystals.

The spectral dependences of the difference of refractive
indices ∆n=nа–nb, ∆n=nс–n а, ∆n=nс–nв in ZnP 2 crystals
are presented in figure 3, A, where nа, n b, nс are the
refractive indices for Е||а, Е||в, Е||с polarizations,
respectively. The curves α and β correspond to the
undoped crystals (z1), which include the correction of the
interference spectra in the long wavelength region. The
spectra are represented by curves γ and δ and the long
wavelength region is not corrected with the data from the
interference spectra. The α, β and γ spectra correspond to
z1 crystals, and the δ spectra correspond to z3 crystals.
The spectral dependence of the difference of refractive
indices α is positive in the short-wavelength region λ<λ0
(612nm), and in the long-wavelength region λ>λ0 (612nm)
has a negative value. This pattern confirms that the
refractive indices are intersecting at 612nm wavelength
for the Е||а and Е||в polarizations. Transmittance
maximum is observed at this wavelength in the crystals’
transmission spectra placed between crossed polarizators
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(fig. 3, A). λ0 wavelength is shifted to shorter
wavelengths region in accordance with the temperature
coefficient of the offset absorption edges at Е⊥с и Е||с
polarizations and 9K. The difference of refractive indices
difference ∆n=nа–n,b ∆n=n с–nа, ∆n=nс–nв are positive
values in the short-wavelength region of λ0. These values
for the difference of the refractive indices are negative in
the long-wavelength region of λ0, fig. 3, A. This crystal is
a phase plate in which two light waves propagate at
different speeds.

edge. The characteristics of the optical activity are
practically identical in the left and right rotating ZnP 2
crystals, obtained in different technological regimes (fig.
3, B).
The spectral dependence of the transmittance
coefficient T of –D48 crystal placed between crossed
polarizators is shown in figure 4. Transmittance maxima
at different wavelengths are detected in transmittance
coefficient of crystals with 18.7µm (a), 45µm (b), 179µm
(c), 270µm (d) 1450µm (e) thickness in crossed
polarizators at 300K and 10K. When the thickness of the
crystals change from 18.7µm to 1450µm the maximum
practically does not change its position at a wavelength of
612nm (300K) and 550.7 nm (10K). The wavelength of
612 nm (300 K) for ZnP 2 crystals is the isotropic
wavelength - λ0, at this wavelength, the crystal does not
distinguish the polarization of light waves. Such a
wavelength of 550.7 nm is detected at 10K. When the
thickness of the crystals changes on the long-and shortwavelength region of λ 0 there are appearing additional
peaks.
Minima (maxima) of interference pattern closest to the
passband shift toward each other with increasing
thickness of the crystal and merge into one minimum
(maximum) localized at a λ0 wavelength for the crystal
thickness d ~ 10mm. The interference pattern is due to the
fact that when you remove the wavelength of λ0, there is a
linear birefringence and the optical activity appears as an
elliptical birefringence. The phase difference between two
elliptically polarized components acquired on a single
path is (1):
2
2π 
 g11  
2
∆ϕ =
 
(∆n ) + 
λ 
 n  

Fig. 4. The transmittance spectra (T) of ZnP 2 –D4 8 crystals with
18.7 µm (a), 45 µm (b), 179 µm (c), 270 µm (d) 1450 µm (e) thickness in
the crossed polarizators at 300K and 10K.

Rotation of the polarization plane of light waves is
observed in case of the propagation of light waves along
the C axis of ZnP 2 crystals. ZnP2 –D48 crystals possess a
natural optical activity. The optical activity is observed
along the C axis of the uniaxial ZnP2 –D48 crystal. It is
not active on the perpendicular orientation to the optical
axis C. The crystal has a linear birefringence along these
directions. The studies of rotatory ability of ZnP 2 crystals
had been made on plates of different thickness (from
50µm up to 1mm). The samples were prepared by
cleaving the crystals’ cleavage plane (001).
Fig. 3, B shows the dispersion curves of the rotation
ability for undoped ZnP 2 crystals, obtained under
different processing conditions. The value of the rotation
ability for left and right rotating planes of light’s
polarization increases near the fundamental absorption

1

2

(1)

where ∆n=ne-п0 - ZnP2–D48 crystal’s birefringence, λ –
wavelength, g11 – nonzero component of the gyration tensor
of light propagation along the [001] direction of ZnP2 –D48
crystal, n – average refractive index. As a result, a linearly
polarized light passing through the crystal is elliptically
polarized. The orientation of the ellipse relative to the optical
axis of the crystal and the ellipticity depend on the conditions
of the incident light wavelength. The intensity changing of
light passing between crossed polarizators out of the spectral
region λ0 is described by the expression, which is derived
from a consideration of the interference phenomena, taking
into account the crystal’s gyrotropy:
1

2
2
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,
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2
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2
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 λ 
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(2)

where ρ – the value of the specific rotation of the crystal.
When ∆n = 0, the expression (2) is transformed into a simpler
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form. Maxima of interference pattern take place in the
condition:
 2  π∆n  2 
 
ρ + 
 λ  
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d =  m + π , m= 0, 1, 2,….,
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(3)

and minima in the condition:
 2  π∆n  2 
 
ρ + 
 λ  
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2

d = mπ , m= 0, 1, 2,….

(4)

Expressions (3) and (4) show that the spectral position of
the maxima and minima isobserved on both sides of the
abnormal passband if changing the crystal’s thickness. The
interference pattern is changed so that the side lobes maxima
are shifted towards each other and have a low intensity at a
certain thickness.
Reflection spectra in the region of the beginning of edge
absorption and the calculated values of the refractive indices
(CC) show that the beginning of edge absorption of Sb-doped
crystals is shifted to longer wavelengths, fig. 1, B, fig. 2, A
and fig. 3, A. This is clearly seen in the reflection spectra (fig.
1, A) and in the spectral dependence of the refractive index
(fig. 2, A) and in the difference between them (fig. 3, A). The
starting of the beginning of edge absorption of Sb-doped
crystals is particularly evident in case of low temperatures,
[19]. At 10 K temperature the spectral dependences of light
absorption coefficient are almost identical near ther isotropic
wavelength λ0 ≈ 550.7 nm at E||c and E⊥c polarizations, but
at E||c polarization the absorption coefficient is greater (≈12
cm-1) than at E⊥c polarization, [19].
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shown with the curves z3, α, are measured at 10K. The
difference in the absorption coefficients is observed for
the E||a and E||b polarizations at all crystals. This
difference is somewhat larger (≈ 25 cm-1) for the undoped
crystals (z1) than for the doped crystal (z2, z3 ≈ 15 cm-1 ).
The edge absorption of z2, z3 crystals starts to increase
rapidly at 640nm wavelengths and for undoped z1
crystals a sharp increase in the absorption begins at
600nm wavelengths, fig. 5. Broad absorption band near
the beginning of the edge absorption is released at a 10 K
temperature in the spectra of crystals doped with
antimony, figure 5, curves z3, α. The beginning of edge
absorption is shifted to shorter wavelengths at 10K.

Fig. 6. А – Ме-n-p-ZnP 2 -D4 8 -Ме (Ме-Au, Ni, In) structure obtained on
the fractured surfaces of the crystal with a 270 microns; В – spectral
response of photosensitivity in λ<λ0 region; С – spectral response at
E||a (Jph) polarization in λ>λ0 region of Au-ZnP 2, Ni-ZnP2 and In-ZnP2 .

Fig. 5. The absorption spectra of undoped ZnP2crystals at Е||а, Е||b, and
Е||с polarizations and of Sb-doped crystals 1%, Sb(z2) and 1.5%, Sb(z3), α
curves were measured at 10 K.

Absorption spectra of undoped ZnP2 crystals at E||a, E||b,
and E||c polarizations and Sb-doped crystals (1%) (z2), and Sbdoped (1.5%) (z3), are presented in figure 5. The spectra

The electromotive force (EMF) of Me-ZnP2 diodes created
on fractured surfaces of undoped crystals, which posses a
natural gyrotropy can have a positive or negative value at E||a
polarization change with E||b. The transmittance spectra of
doped crystals (TB) are more intense in the area of λ>612nm
(λ>λ0) at E||b polarization than at E||a polarization (Ta), fig. 5.
The light waves penetrate to a shallower depth at E||a
polarization, i.e. create a photo-EMF Jpha in the active region
of the upper diode (conventionally has a positive direction).
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The wave polarization corresponds to E||b case if turning the
polarization plane of the incident waves at 90 degrees. The
transmittance coefficient TB is higher at this polarization than
at E||a. The waves penetrate the spatial charge region of the
lower photodiode creating a photo-EMF in this area. If the
thickness of the crystal corresponds and provides the plane
rotation of the light waves at 90 degrees, the photo-EMF will
fit the polarized waves at E||b. The EMF Jphb has an opposite
direction comparing to the photocurrent direction Jphа
(conditionally negative value). The spectral characteristics of
the photoconductivity in the short- and long-wavelength
region of λ0 (612nm) are shown in fig. 6.
Figure 6, A shows the Me-n-p-ZnP 2-D48 -Me (Ме-Au,
Ni, In) structure obtained on cleaved surfaces of undoped
crystals with 270 microns thickness - (A), and its spectral
characteristics of photosensitivity - (B). The gyration of
the polarization vector of light waves occurs in case of
light waves propagation along the C-axis of the crystal.
The light is absorbed in the spatial charge region of the
lower diode in the wavelength range λ>λ0, generating a
photo-EMF. The light is absorbed in the spatial charge
region of the upper diode generating an opposite sign
photo-EMF of in the short-wavelength region (λ<λ0). The
spectral response curve crosses the zero axis of EMF
approximately at a λ 0 (612nm) wavelength. The change of
the polarization of incident light waves from E||a to E||b
leads to a slight increase of the signal at longer
wavelengths. This is due to the fact that the transmittance
coefficient at E||a polarization is less than at E||b
polarization and consequently less light reaches the lower
photodiode. The change of polarization is not as
noticeable in the short-wavelength (λ < λ0) region, i.e. in
the direct transitions’ region. The value of the
photosensitivity in the maximum of In-ZnP 2 structures is
higher than for Ni-ZnP 2 and Au-ZnP 2 structures at the
same conditions, fig. 6, B. The crystal’s thickness affects
the spectral characteristics of the diodes, which
determines the angle of the polarization plane of light
waves that reach the lower photodiode.
The transmittance coefficient T is described by an
expression T=sin2(ρd), where ρ is the value of the
specific rotation at λ 0 wavelength and at the same time is
the interaction constant. The transmittance coefficient
may be represented as:
T=

[(

sin 2 (π / λ ) δn 2 + ∆n 2
2
1 + (∆n / δn )

)

0 ,5

d

],

(5)

where ∆n=ne-no – is the linear birefringence of the crystal;
δn=λρ/π – circular birefringence; d - thickness of the crystal
element. From this expression it follows that the optimum
thickness of the crystal that corresponds to the transmittance
maximum is d = π/2ρo, where ρo = ρ(λo).
Figure 7 shows the scheme of the Ме-n-p-ZnP2-p-n-Ме
photodiode structure and the spectral distribution of the
photoresponse (Jph) at E||c polarization under different
applied voltages (B). This structure represents two oppositely

connected photodiodes (upper and lower). The photodiodes
represented n-p and p-n junctions on the surfaces of
antimony-doped ZnP2 crystals. These transitions were
obtained by doping the original crystal using the diffusion in
confined volume. The vapor pressure of phosphorus was
~3.5-2·10-1 atm in order to save the parameters of the original
composition in a confined volume. The diffusion of sulfur
atoms were carried out in a controlled regime on reference
samples.

Fig. 7. А – Diagram of the photodiode structure Ме-n-p-ZnP2-p-n-Ме; В –
the spectral distribution of the photoresponse (Jph) at E||c polarization under
different applied voltages; С – displacement of maximum dependence on the
applied voltage (α, β and γ).

The spectral characteristic of photosensitivity has an
intense peak at a 650-760 nm wavelength value and crosses
the axis of wavelengths at 600-615 nm energy with
decreasing wavelength, and has a negative value of the EMF
at 450-500nm wavelength. This characterization of
photosensitivity is due to competing mechanism of EMF
arising in a structure with oppositely connected ITO-n-p-
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ZnP2-p-n-In photodiodes. The light waves penetrate deeper
and create a photo-EMF in the positive charge region (PCR)
of the lower In-ZnP2 photodiode, which has conditionally a
positive value in the long-wavelength region of the isotropic
point (IP) (λ0) (curve Jph, fig. 7). The absorption coefficient
increases as the wavelength decreases and the photo-EMF is
generated by direct transitions. This leads to the excitation of
charge carriers in PCR of the upper n-p(ZnP2) diode, which
possesses negative photovoltage. The changing of
polarization from E||a to E||b to affects the magnitude of the
spectral characteristic of EMF in accordance with different
value of the absorption coefficient at these polarizations, fig.
5. The EMF value changes as a result of the voltage applied
to the structure. The voltage applied to the structure leads to
the increase of field strength in the spatial charge region of
both diodes (upper and lower). The lower part of figure 5
shows the shift dependence of the photocurrent’s maximum
as a change result of the electric field in the diodes’ active
regions. A slight shift of the photoconductivity maximum is
observed for undoped structures at both E||a and E||b
polarizations, curves α. More noticeable shift of the
photoconductivity maximum occurs in both polarizations in
structures implemented on crystals doped with antimony. The
β curves are obtained for samples with 1% (Sb) concentration,
and γ curve is obtained on 1.5% (Sb) doped samples. The
concentration of free charge carriers in doped crystals is
higher and, of course, an increase of photoconductivity
occurs on these samples while increasing the electric field in
the spatial charge region of the diodes.
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height Ni-ZnP2 is 1.06 eV. A similar pattern was obtained at
diodes with other metals. Figure 8, B shows the LIV
characteristics of Ni-ZnP2 contacts at a concentration of
electrons in the crystal above 1022 m-3. The dependence of
current on voltage in the forward bias mode 3kT/q<U<0.5 is
described by the relation J = J0exp (qU/χkT), where q – is the
electron charge, χ – imperfection coefficient, k – Boltzmann
constant, T – temperature. χ>1 depends on the temperature by
a more complex dependence for these structures. The reverse
currents (fig. 8, D) are many orders of magnitude higher than
the currents, which should be by the model of thermionic
emission. The barrier height determined from the slope of
this plot, is 1.67 eV, which practically corresponds to the φV
= 1.61 eV, determined from measurements of current capacity characteristics, Table 1.

3.2. Electrical Characteristics of Ме-ZnP2-D48,
Me-ZnP2-C2h5 Structures and ZnP2-D48 ZnP2-C2h5 Heterostructures
Surfactant barrier diodes are designed on chipped plates
and layers of natural growth of crystals. In, Sn and their
alloys Te, Cd and multilayer structures Te + Sn + Ni etc
where used for ohmic contacts. Alloying of the contacts
was carried out at 200-400°C for a few minutes. The
photodiode formed as a Ni-ZnР2(D48) structure by
electrochemical deposition of nickel layer on the etched
ZnP 2 crystal ‘s surface is shown in fig. 8, A. The
dependence of the direct current on the voltage is
described by the Schottky model in the investigated
current range [2,6]. The imperfection coefficient χ takes
the value 1.06-1,2 eV. The lowest value was after etching
the surface of single crystals in hot HCl immediately
prior to the deposition of nickel. The theoretical value of
the χ coefficient can be writtena s follows if taking into
account the lowering of the barrier height by mirror
image forces for the concentrations of 1020-1022 m-3 and
stress in the range 0.3-0.6 V:


 ∆ϕ
kT 
 = 1.01 − 1.02
−U −
q 
 4ϕ i

χ = 1 − 


(6)

The Richardson constant, determined from the temperature
dependence of the JF, was A* = 2-7A/cm2grad2. The barrier

Fig. 8. A – Direct (β) and indirect (α) branches of LIC of Ni-ZnР2(D48)
diodes; В – temperature dependence of Pt-ZnP2(D48) LIV characteristic for
Nd-Na=1,5·1017cm-3; C – LIV of
Pt-ZnP2(D48) diodes at different
temperatures; D, E – temperature dependence of the “imperfection”
coefficient χ and J.

The Reverse branches in Ме-ZnP2(D48) barriers is close to
linear for UP voltages, fig. 8, D. A tendency to reverse
saturation current is observed as the temperature increases.
The χ coefficient varies smoothly with increasing
temperature, fig. 8, E. The tunneling and recombination
processes in the spatial charge layer are the predominant
mechanisms of charge transport, as the reverse currents are
many orders higher than that calculated by the theory of
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thermionic emission for these barrier heights (1.3-1.6 eV) [36].

Fig. 9. Current-voltage (A) and capacitance-voltage characteristics (B, C) of
Ме-ZnP2(D48) diodes and the dependence of the potential barrier height φВ
on the work function of the metal χm (D).

The breakdown in Ме-ZnP2(D48) structures has tunneling
character for all the studied metals and concentrations of
1022-1024 m-3, as evidenced by the linearity in the (lgJ/φBµF-U) =f(φB- µF-U)-2 scale (fig. 9) and a negative temperature
coefficient of breakdown voltage (β ≈ -5 • 10-3 V/1K). The
calculated values of the effective carriers’ mass are 0.07m0
and 0.08m0, respectively, for the Ni-ZnP2 and Pt-ZnP2
barriers. These low values of the effective masses indicate
that the tunneling barrier height is not equal to φV. The
impurities presence in the band gap leads to a resonant
tunneling. The dependence 1/C2=f(U) for the barriers
obtained by electrochemical deposition of metals is shown in
fig. 9, C. The height of the barrier obtained by thermal
spraying of metal under vacuum is higher than the barriers
obtained by electrochemical deposition. The φV dependence
of the electron work function of metal is shown in fig. 9, D,
where curve 1 corresponds to the barrier height produced by
thermal spraying of metal under vacuum, and curve 2 - the
barrier height produced by electrochemical deposition of
metals. As it can be seen from the figure, the experimental
points lie on straight lines. It is necessary to consider the
dielectric gap and surface electronic state of the contact
(SESC) in describing the model of charge transport in real

Me-semiconductor structures. The system of surface states
can be determined by plated metal, and in this case, the
relationship which is linking φВ, χm, D, d can not be saved. φВ
dependence on χm for spraying barriers is stronger than for
barriers with other semiconductors (GaP, CdTe, etc.) in the
Ме-ZnP2(D48) system, which indicates a lesser role in the
stabilization of the surface state of the barrier height. The
experimental data also shows that the dependence of φВ on
χm is stronger for spraying barriers than for the deposited
ones. This is due to less influence of SESC in
electrodeposited structures. The scatter of φВ values is
associated with the complexity of obtaining reproducible
structures for Ме-ZnP2(D48) barriers. The behavior of
current-voltage characteristics of diodes is determined by the
parameters of the crystals, the technology for obtaining
Schottky barriers and ohmic contacts.
The heterojunctions α-ZпP 2 (D 4 8 )-β-ZпP 2 (С 2h 5 ) are
obtained from the gas phase by α-phase and β-phase build,
and on the contrary, when changing the regimes during
synthesis. The structure is stable in the temperature range of
77 ~ 550 K, and under the terms of preventing dissociation –
up to temperatures of compound composition ~ 880 ° C. The
parameters of the structures are retained after many
temperature cycles and do not change with time. Studies of
LIV, volt-capacity characteristics and photoresponse spectra
of α-β–ZпP 2 showed that, there is a change of parameters of
each region and interface boundary on dependence of the
growth conditions. This leads to the creation of р(β) - п(α),
п(β) ~п(α), п(β) ~p(α).
LIV structures of р(β) - п(α) type are shown in fig. 10. A
number of linear segments with different slopes are observed
in the forward branch of semi-logarithmic scale (fig. 10, A).
The dependence of the current on the voltage can be
described by the formula J=J0 ехр (хT+γU) up to a
temperature of 350 K, which is typical to the tunnelrecombination mechanism of charge transport (fig. 10, C),
where curve 1 corresponds to the current density over the
Anderson model, and the curve 2 – corresponds to the
experimental data at Us =-1V. The tilt of volt-capacity
characteristic in the lgJ = f(U) scale increases at high
temperatures and a second slope is appearing at low voltages
η = 1. A large value of the series resistance of p-region and
the non ohmic contact of the n-region does not allow us to
investigate the LIV characteristic in a larger range of currents
and temperatures. Its behavior as a function of voltage and
temperature is similar to the Ge, GaAs, CdS-SdTe
heterojunctions in the studied range of currents. The inverse
LIV branch is similar in behaviour on the specified
heterojunctions (fig. 10, B). It can be assumed that the
processes of tunnel-recombination nature occur at low
temperatures, but the thermionic or diffusion processes make
a significant contribution with increasing temperature. A
similar pattern was observed in current transfer for all sample
parties, р(β) - п(α)ZпР2. The break had a tunnel character
and its stress varied from 5 up to 40 V. The dependence of the
current on the voltage is linear for all of the structures up to
the breakdown voltage.
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Fig. 10. A, B – LIV characteristic of р-ZпP 2 (D 4 8 )-n-ZпP 2 (С 2h 5 )
hetereojunction at different temperatures, С- Temperature dependence
of current density.

Fig. 11. LIV characteristic of n-ZпP 2 (D 4 8 )-n-ZпP 2 (С 2h 5 ) (А, В)
heterojunction and its volt-capacity characteristic (С) at 465Hz(b)
and 1kHz(а) frequencies.

Figure 11, A shows the direct branch of volt-capacity
characteristic of n(β) - п(α)ZпР2. isotype heterojunction.
ZnР2-n(α)~n(β) heterojunction posses rectifying properties.
The direction of flow corresponds to the positive potential of
α-region and negative of β- region (fig. 11, C). The gU1 barrier
is lowered to the α-region at positive potential, thus the
emission of electrons increases, which leads to an increase in
current. At the same time, the gU2 barrier is locking. The
influence of the locked barrier is higher at voltages greater
than 0.7 V in case when gU1>>gU2. The linear portion of the
volt-capacity characteristic is approximated in the semilogarithmic scale by J=J0exp(gU/ηkT) with a slope of η = 1.61.9V in the temperature range 273 - 400 K. The space-charge
region is located in a narrow-band region and its defining role
is confirmed by the volt-capacity characteristic (fig. 11, B).
The capacity is increasing up to +0.3V in forward direction,
which satisfy the relation ε1N1 << ε2N2 correlation two contacts
had been fused in every area and there was created Ni barrier
on each of them. The currents through the contacts of the
monoclinic modification exceed the currents through the
contacts of the tetragonal modification and the heterojunction
currents at 2 - 3 orders of magnitude (fig. 11, A).
The analysis of current-voltage and capacitance-voltage
characteristics of the contacts of heterostructures and Ni –
ZnР2(С2h5), Ni-ZnР2(D48) barriers shows that current-voltage
characteristic of heterojunction is not determined by the locked
barrier contacts, but by two barriers included at the interface.
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The current change in the structure is due to the redistribution
of stresses between structure’s barriers and the tunneling
process of in two shut-off barriers. Capacity decreases on the
applied voltage as at positive bias as at negative one, which is
typical for anti included barriers.
Thus, the analysis of current-voltage characteristics and
their temperature dependence shows that the processes of
tunnel-recombination character take place in a wide and
narrow bandgap material. An important role is played in the
current transfer by the surface states, which determine the
position of the Fermi level at the surface of both phases.
Changing of the growth conditions leads to the change in the
parameters of both modifications as the heterojunctions are
grown in a single technological cycle. Structures with the most
perfect surfaces were chosen to measure the photovoltaic
characteristics of the resulting heterostructures. Structures
having a flat surface of monoclinic modification grown on the
(001) tetragonal modification zinc diphosphide had been
selected from all structures. The orientation of the axes of the
monoclinic modification did not coincide with the principal
axes of the tetragonal crystals. Layers of ZnP2(C2h5)
monoclinic modification were obtained for different
thicknesses but for the measurements there were chosen those
with the smallest thickness (≈ 100 – 200µm). Tetragonal
crystal was cleaved to the required thickness (≈ 200 – 250µm).
Metal translucent contacts were deposited on the both sides of
crystals’ surface. The spectral distribution of the
photoconductivity of ZnP2(D48)- ZnP2(C2h5) heterojunctions
and the heterojunction circuit are shown in fig. 13. The light
was directed parallel to the crystal’s C-axis while illuminating
the heterojunction from the ZnP2(D48) wide-heterojunction
crystal’s part. The polarization of light waves was changing
from E||a to E||b, thus, the photoconductivity was observed in
the wavelength range of 800-900 nm. The change of
polarization does not affect significantly the value of the
photosignal. The interference in the photosensitivity spectra
was observed at some structures in which the thickness of the
monoclinic layer was small at E||a polarization. The layer’s
thickness of the monoclinic modification was evaluated on the
edges in the comparator and microscope. The refractive index
n, which is is also evaluated from the interference spectrum,
within the experimental error equal to the known data on the
monoclinic modification [18]. The hotosensitivity in the
spectral region of 800-900nm is formed in the spatial charge
region of the ZnP2(C2h5) monoclinic modification. The light
waves are absorbed by the ZnP2(D48) crystal of tetragonal
modification in the short wavelength region λ<650nm.
Photosensitivity has the opposite sign, with a maximum
sensitivity at 500-600nm. The photoelectric effect is due to the
generation of charge carriers caused by the indirect and direct
electronic transitions in the energy range E>Eg. The change of
polarization from E||a to E||b leads to a slight increase of
photosignal, fig. 13. Figure 13 also shows the curve of the
transmittance coefficient T of ZnP2(D48) crystals placed
between crossed polarizators. The change in the sign of
heterojunction’s photosensitivity occurs in the wavelength
region of maximum transmittance at λ0 = 612nm.
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Table 1. Height of the Ме-ZnP2(D48) barriers
Metal
LIV,eV
Volt-capacity, EV

Mg
0.77
-

In
1.06
0.81

Pb
0.86
-

Ag
1.17
-

Cu
1.25
-

Ni
1.06
1,1

Te
1.35
-

Au
1.23
-

Pt
1.67
1.63

Fig. 12. A – Current-voltage characteristic of Ni-ZnP2(C2h5) structure – 1; Ni-ZnP2(D48) structure – 2; n-ZnP2(C2h5)-p-ZnP2(D48) structure – 3; p-ZnP2(C2h5)-nZnP2(D48) structure – 4; Sn-ZnP2(C2h5)-Sn structure (alloy contacts) – 5, 6; Sn-ZnP2(D48)-Sn structure– 7, 9; ZnP2(D48)-ZnP2(C2h5) structure– 8, 10 (upper scale
voltage range is valid for 1, 2, 3, 4 curves and the rest for the lower voltages); B – Current-voltage characteristic of n-n-type heterojunction; С – Heterojunctions’
band diagrams of n-ZnP2(C2h5)-n-ZnP2(D48); D – Heterojunctions’ band diagrams of n-ZnP2(C2h5)-p-ZnP2(D48); E – Heterojunctions’ band diagrams of pZnP2(C2h5)-n-ZnP2(D48).

The voltage applied to the structure for the considered
structure changes significantly the value of the photosignal and
allows manipulating and changing it in these areas. The value
of the breakdown voltage is directly related to the resistivity of
heterojunction’s layer. Studies have shown that the breakdown
mechanism is an avalanche one in a wide range of breakdown
voltages (8 – 200V) [2]. The breakdown is determined by the
action of both avalanche and tunneling mechanisms in the area
of 6 to 8 V. Only at voltages below 6 V, the avalanche
mechanism has almost no space and there operates the
tunneling one. The studied devices represent rectifying diodes,
in which the current varies widely in the reverse branch of
breakdown voltage. Such devices can be attributed to the
Zener diodes. The transition of structure from the saturation
current field to breakdown region is accompanied by
significant noise, which are characteristic to the avalanche
process is the transition towards breakdown and occur mostly
on high-voltage devices. The amplitude of the noise voltage
setting is about 100-200 mV at breakdown voltage of 10 - 15V.

Setting noises are practically not observed at a breakdown
below 6 V. Therefore, it is necessary to provide the tunneling
mechanism of breakdown at high breakdown voltages for
obtaining high-voltage diodes with high breakdown voltages in
which there is no noise setting.
Semiconductor devices classified as stabilizing diodes are
characterized by the following parameters: voltage
stabilization (Ustab.), dynamic resistance (Rg), Rg= dU/dI, where
(I = Ist; static resistance (Rstat) Rstat = Ustat / Istat, the quality
factor Q = Q =R0/Rstat; voltage temperature coefficient (VOC)
of stabilization. Stabilizing diodes based on zinc diphosphide
represented p-n junctions and heterojunctions. The thickness of
the transition region does not exceed 0.5 L, where L – carrier
diffusion length (L = 0.5-3.0 microns for n = 1015 – 1017 cm-3).
The contact region has a concentration of 1017 - 1018 cm-3 for
p-n junction. At the same time, the breakdown voltage
(stabilization) increases with the increase of the resistivity of
the sample. If applying an external bias to the p-n junction the
electrons can tunnel from the valence band to the conduction
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band and vice versa. The necessary conditions for tunneling
are the presence of occupied states from the side of the
transition where the electrons are tunneling, and the
availability of free levels with the same energy on the other
side of the transition. The height and width of the potential
barrier must be small enough so that there is a finite
probability for the electron to tunnel through the barrier. Thus,
the smaller the degenerated region, the higher is the probability
of tunneling. The tunneling probability increases, also, with
increasing the applied electric field, with a decrease in the
effective mass of the charge carriers and of band gap, which is
substantially affected by the mechanisms of band-band
tunneling. The presence of local levels in the band gap and the
increase of their concentration increase the tunneling current.
Consequently, the field intensity at which a current is observed
is determined by the parameters of such a semiconductor
material. Since the conductivity type inversion occurs in ZnP2
as a result of changes with respect to the stoichiometry, the p-n
junctions were obtained by changing the concentration of
phosphorus. The increase of concentration of phosphorus in
relation to stoichiometry in ZnP2(D48) crystals changes the
conductivity type from n to p. In these cases, the technology
can get pretty shallow p-n junctions. At the same time, local
levels of phosphorus appear in the band gap. These
circumstances determine the tunneling mechanism at high
breakdown voltages. Zener diodes, which represent n-n contact
of ZnP2(α)~ ZnР2 (β) type have greater transparency for
tunneling than p-n (or n-p) junctions at equal concentrations of
carriers in the crystal. In n-n type heterojunction, its
transparency is reduced by narrowing the field of spatial
charge region at the junction of band diagrams at the same
height of the barrier (fig. 12, A – C). The density of the
tunneling current increases in this case. A forward branch
appears on the LIV characteristic when changing the polarity
of the bias voltage on the p - n junction, at which the diode can
not function as a Zener diode. The changing of the voltage
polarity at the n-n type heterojunction changes only the region
of charge carriers’ separation. It allows the device stabilizing in
case of both polarities of the bias voltage (fig. 11, B). Using
ZnP2 as a basis for n-n type heterojunction allows obtaining
large tunneling current density. The voltage value Ustab = 30 50 V.

crystal represent a phase plate in which two light waves
propagate with the speeds Vx=c/nk║с and Vy/nk║а. The currentvoltage characteristics of the Me - ZnP2-D48 diodes had been
studied with different metals and at different temperatures.
Temperature dependences of “imperfection” coefficient δ had
been determined for the Schottky barriers with the considered
metals. The current - voltage characteristics of Ме-ZnP2-D48
photodiodes obtained by electrochemical deposition of metal
and thermo-chemical metal spray in vacuum had been
studied. The dependence of the diffusion potential ФВ on the
work function of the metal ξm(С) was determined. The
birefringence and gyration phenomenon affect the spectral
characteristics of the p-n photodiodes and Schottky diodes.
The possibility of controlling the characteristics of
photodiodes using the gyration features in ZnP2-D48 crystals
was obtained.

Fig. 13. А – The spectral distribution of the ZnP2(D48)-ZnP2(C2h5)
heterojunctions’ photoconductivity; В – structure (layout) of the heterojunction.
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