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Abstract—One of the urgent problems of materials science in the field of photovoltaics is obtaining promising
novel photoactive semiconductor materials with predetermined photoelectric parameters to provide an effi-
cient manifestation of photovoltaic, thermovoltaic, and emitting effects in the visible and near-infrared
regions of the radiation spectrum. In this aspect, it is of great practical and fundamental interest to clarify the
effect of diatomic molecular impurities on the electrophysical and photoelectric properties of semiconductor
materials, as well as to reveal the energy levels of impurity molecules depending on the parameters of the base
material. For this purpose, several semiconductor substitutional solid solutions based on elemental semicon-
ductors such as Si and Ge, as well as I1I-V isoperiodic binary compounds such as GaAs and GaP, and 11—
VI isoperiodic binary compounds such as ZnSe and ZnS with Si, molecular impurities have been obtained
and studied. (Siy); _,_ (Gey)(GaAs),, (ZnSe); _ . _,(Siy)(GaP),, (Siy), _(GaP), and (Siy), _(ZnS),
solid solutions have been grown on silicon Si (111) substrates from a limited volume of tin and lead solution-
melt by means of liquid-phase epitaxy. The grown epitaxial layers have a monocrystalline structure with mir-
ror-like smooth surfaces. The photoluminescence spectrum of solid solutions has been studied. The spectrum
covers the photon energy range from 1.18 to 1.55 eV for (GaAs), 5(Ge,)g.05(Siy), from 1.38 to 3.1 eV for
(GaP)( 95(Siy)g.02, from 1.55 to 3.1 eV for (ZnSe)gg(Siy)g03(GaP)g g9, and from 1.55 to 3.2 eV for
(ZnS).97(S15)g.03- It has been found that Si, molecules in the case of (GaAs) 95(Ge,)g.95(Si,) solid solution
form deep impurity energy levels lying at 1.33 eV below the bottom of the conduction band, in the case of
(GaP)( 95(Siy)g.02, it is 1.47 €V, in the case of (ZnSe)gg(Siy)g,03(GaP), 1.67 eV, and in the case of
(ZnS)g 97(Siy)g 03, 1.82 €V. It is shown that in solid solutions with Si, molecular impurities, an increase in the
dissociation energy of the covalent bond in Si—Si impurity molecules is observed with increasing band gap
and with decreasing crystal lattice parameter of the base semiconductor. Change in the dissociation energy of
the Si—Si covalent bond in the tetrahedral crystal lattice of different semiconductors is caused by a change in
the length of the Si—Si covalent bond, as well as by a change in the hybridization of the atomic electron shells
of Si, impurity molecules and base material molecules. The studied (Si,), _ (GaP), and (Si,), _ (ZnS), solid
solutions can be used as a photoactive material for the development of photoconverters operating in the visible
and near-infrared regions of the radiation spectrum.
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nescence
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INTRODUCTION

The revealing of patterns for correlation between
the photoelectric and electrophysical properties of
binary compounds and multicomponent solid solu-
tions (SSs) depending on the parameters of the mole-
cules of the components and impurities involved in the
system [1, 2], as well as establishing patterns for inter-
relations between the energy characteristics of impuri-
ties and components inherent in semiconductor SSs
promote solving a number of practical problems in the
technology of semiconductor devices [3, 4].

The isovalent molecular impurities that satisfy the
conditions for the formation of substitutional solid
solutions with the base material, depending on the
relationship between the dissociation energy of cova-
lent bonds inherent in dissolved molecules and inher-
ent in solvent molecules, can form deep energy levels
localized in the band gap or in the valence band of the
solvent. Such impurity levels in semiconductors are
determined by interaction between the atoms of impu-
rity molecules and the atoms of the base material, as
well as by structural and electrophysical parameters of
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the solvent and dissolved molecules [5—9]. They are
the crystal lattice parameter of the base material, cova-
lent radii inherent in the atoms of the impurity mole-
cules and in the base material, the band gap of the base
material, and the energy of breaking the covalent
bonds of atoms of impurity molecules.

The accumulation of experimental data concerning
interactions between the impurity and solvent mole-
cules, revealing the energy parameters of dissolved
molecules depending on the fundamental parameters
of the solvent should make it possible to purposefully
use features of impurity molecules for developing a wide
range of optoelectronic devices, in particular, for extend-
ing the spectral sensitivity range of photodetectors and
for increasing the efficiency of photo converters.

MATERIALS AND METHODS

In this study, we present the results for studies on
the ionization energy of Si, impurity molecules
depending on the band gap and the crystal lattice
parameter of semiconductor SSs based on elemental
semiconductors such as Si, Ge, and II1—-V isoperiodic
binary compounds such as GaAs, GaP, as well as 11—
VI isoperiodic binary compounds such as ZnSe and
ZnS. For this purpose, we studied the photolumines-
cence spectra of such SSs (GaAs)yos(Ge,)g05(Si,),

(GaP)oys(s‘iz)o.oz, and  (ZnSe) s5(Siy)03(GaP)g g9,
(Zn8), 97(Si3) 03-
Epitaxial layers of the (Si,);_,_,(Ge,)(GaAs),,

(Siy), _ (GaP),,  (ZnSe), _,_,(Si,)(GaP),, and
(Siy), _,(ZnS), SSs were grown by means of liquid-phase
epitaxy from a limited volume of the molten metal solution
described in [10, 11]. (Siy), __ (Ge,),(GaAs), SSs were
grown from a lead solution-melt (Si—Ge—GaAs—Pb),
the composition of which was determined based on
data published in [12], and on the results of prelimi-
nary studies. The epitaxial layers were grown on nSi
(111) substrates. The films with mirror-like surfaces
were obtained at a temperature of crystallization onset
amounting to 850°C and at a forced cooling rate of the
solution-melt amounting to 1 deg/min. The grown
layers had a single-crystal structure, p-type conduc-
tivity with a resistivity of ~0.5 Ohm cm and a thickness
of ~20 um. The analysis of the results of X-ray micro-
analysis of the chip and the surface of epitaxial films
has shown that a surface layer up to 8 um thick rep-
resents a (GaAs), o5 (Ge,)gos SS, and the molar con-
tent of Si in this layer is lower than 0.8%, i.e., Siis an
impurity in the SS.

The epitaxial layers of the (Si,), _,(GaP), SS were
grown on silicon pSi (111) substrates under the follow-
ing conditions of liquid-phase epitaxy: the crystalliza-
tion temperature ranging within 980—830°C, the solu-
tion-melt cooling rate amounting to 1 deg/min and
the thickness of the solution-melt being 1 mm [13].
The composition of the tin solution-melt consisting of
Si, GaP, and Sn was determined from the state dia-
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gram for the Si—Sn binary alloy taking into account
the solubility of GaP in Sn (Sn 100 g, GaP2.5g, Si 1.8 g).
The epitaxial layers exhibited a single crystal structure,
n-type conductivity and a thickness of 25 um. The anal-
ysis of the results of X-ray microanalysis for the chips and
the surface of the films has shown that the concentration
of Ga and P atoms in the (Si,), _ (GaP), epitaxial layer
monotonically increases in the direction of film
growth reaching 48 mol % of Ga and 52 mol % of P,
whereas the content of Si decreases to zero on the film
surface.

The epitaxial layers of the (ZnSe), _,_ (Siy)(GaP),
SS were grown on pSi (111) silicon substrates made of
tin solution-melt (Sn—Si—ZnSe—GaP) [14]. The
composition of the solution-melt was calculated based
on the results of preliminary experiments concerning
the state diagram of the Sn—Si binary alloy taking into
account the solubility of ZnSe and GaP in Sn at differ-
ent temperature values (above 700°C). Perfect single-
crystal layers of SSs with (111) orientation were
obtained at a crystallization onset temperature
amounting to 880°C, at a cooling rate of the solution-
melt amounting to 1 deg/min, and at a thickness of the
solution-melt amounting to 1 mm. In this case, the
epitaxial films exhibited an electronic type of conduc-
tivity and mirror-smooth surfaces. The results of X-ray
microanalysis throughout the surface and throughout
the chip have shown that within the epitaxial layer the
distribution profile for the atoms of Si,, GaP and ZnSe
components is uniform in depth. At the same time, on
the film surface the content of Ga amountsto 3.7 at %,
the content of P was 5.3 at %, Se was 42.2 at %, Zn was
45.8 at %, and the content of Si amounts to 3.0 at %,
which  corresponds to the formation of
(ZnSe) g5(Siz)g.03(GaP)g g9 SS.

The epitaxial layers of (Si,),_,(ZnS), SS were
obtained on silicon pSi (111) substrates from tin solu-
tion-melt (Sn—Si—ZnS) in the temperature range of
1000—840°C (upon cooling). Single-crystal films with
(111) orientation and mirror-smooth surfaces were
grown at a cooling rate of the solution-melt ranging
from 0.7 to 1.0 deg/min and at a solution-melt thick-
ness amounting to 1 mm. The epitaxial films exhibited
an electronic type of conductivity. X-ray microprobe
analysis of the surface and chips of epitaxial films has
shown that the surface area of the film represents a
(Zn8S).97(Siz)g.03 SS.

RESULTS AND DISCUSSION

The energy levels of Si, molecules in various semi-
conductor SSs have been estimated based on the
results from the spectral dependence of the photolu-
minescence (PL) of the surface of grown epitaxial
films at low temperatures [15—17].

PL excitation in the epitaxial (GaAs),¢5(Ge,)g ¢5(Siy)
layer has been carried out by red laser radiation in the
fundamental absorption region of the wide-gap com-
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Fig. 1. Photoluminescence spectrum for the epitaxial layer of a (GaAs)( 95(Ge) ¢5(Siy) SS at a temperature of 77 K (a) and an

energy band diagram for the solid solution with the impurity energy level (£; g;,) of the atoms composing Si; molecules (b).

ponent of the (GaAs) solid solution at a temperature
of liquid nitrogen (77 K). Figure la shows the PL
spectrum of the epitaxial layer. In the studied SSs, Si
atoms behave as impurity atoms.

The PL spectrum of the (GaAs), 95(Ge,).05¢(Si5) SS
(Fig. 1a) covers the near infrared range of the emission
spectrum from 0.81 to 1.08 um with a maximum at a
wavelength of 0.855 um, which corresponds to photon
energy £, = 1.45 V. The photons with such energy at a
temperature of 77 K are produced in the course of the radi-
ative band-gap recombination of electron-hole pairs
located in the near-surface epitaxial layer (~3 pm thick) of
the (GaAs), o5(Ge,) 05(Si,) SS, whose band gap (£, rpss =
1.45 €V) is lower than the E, of GaAs (E, Gaas = 1.51 €V)
and higher than E, of silicon (£, ; = 1.16 €V) and that of
germanium (£, g, = 0.73 eV).

As it can be seen from Fig. 1a, in the long-wave-
length region of the PL spectrum at a wavelength of
0.933 um there is a small but rather wide maximum of
radiation intensity, which corresponds to photon
energy E;, = 1.33 eV. In all appearance, the radiative
transition of electrons from the conduction band to
the impurity levels of Si, molecules located in the band
gap of the (GaAs)¢5(Ge;)g05(Si,) SS (Fig. 1b) could
be, responsible for this peak. The author of [18], in
order to take into account the effect of the atoms of the
base semiconductor surrounding A, or CD molecules
exerted on the A—A or C—D covalent bond, have stud-
ied the photoluminescence spectrum of gallium arse-
nide doped with Ge at a temperature of 77 K, wherein
a radiation peak at photon energies amounting to
about 0.85 eV has been observed. This peak is caused
by the transition of electrons from the conduction
band to impurity levels of Ge, molecules. The author
of this study has concluded that Ge, in GaAs creates
an impurity level located at 0.85 eV below the bottom
of the conduction band (at a temperature of 77 K).

The content of Si in the near-surface region of the
film is lower than 0.8 mol %, and, as a result, the
energy level at £, = 1.33 €V could be caused by a radi-
ative recombination of charge carriers with the partic-
ipation of Si—Si covalent bond surrounded by a GaAs-
enriched sublayer of the tetrahedral crystal lattice of
the (GaAs), _ (Ge,),{Si,) SS.

As it is known, the dissociation energy of the Si—Si
covalent bond located in the tetrahedral crystal lattice
of intrinsic silicon at 77 K amounts to 1.16 eV [19].
However, when Si, molecules are surrounded by rela-
tively strongly bound atoms of GaAs molecules, owing
to the hybridization of the electron shells of Si, mole-
cules and GaAs atoms, the Si—Si covalent bond
energy increases up to Ei’sl.z = 1.33 eV at 77 K and

causes an energy level of Si, molecules in the band gap
of the (GaAs), ¢s(Ge,) 05{Si,) SS to occur.

The covalent Si—Si bond in the crystal lattice of the
(GaAs)(95(Gey)g0s SS under the influence of sur-
rounding atoms of the base material exhibits an

increase in bond strength by AE = E g, — E, g =
(1.33 — 1.16) eV = 0.17 eV at a temperature of 77 K.
Since the covalent Si—Si bond is saturated, i.e., since
the valencies of atoms composing Si, and GaAs mole-
cules are equal, then, the Si, molecules in the tetrahe-
dral GaAs crystal lattice could exhibit a donor charac-
ter. The substitution of GaAs molecules by Si, molecules
does not lead to any strong deformation of the crystal lat-
tice. The Si, molecules are not recombination-active
centers. The studied (Siy),_,_,(Ge,y),(GaAs), solid
solution grown on Si substrates can be used as an
active material for the development of optoelectronic
devices operating in the near infrared range of electro-
magnetic radiation [20, 21].

The PL spectrum of the (Si,), _ (GaP), (0 <x<0.98)
epitaxial layer has been measured at 5 K (Fig. 2a). The
APPLIED SOLAR ENERGY  Vol. 56
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Fig. 2. Photoluminescence spectrum for the epitaxial layer of a (GaP) 9g(Siy).p SS at a temperature of 5 K (a), and an energy

band diagram for the solid solution with the impurity energy level (Ei,Siz) of the atoms composing Si; molecules (b).

PL was excited by a gallium—cadmium laser (radiation
with A, = 325 nm). The laser radiation is absorbed in
the surface region of the epitaxial film, wherein the sil-
icon content is 2 mol %. Consequently, the lumines-
cent radiation is caused by the (GaP) og(Si;)g 02 SS. As
it can be seen from Fig. 2a, the PL spectrum of the
(GaP) 95(Siy)g 02 SS exhibits a wide band ranging from
400 to 900 nm with a radiation maximum at 550 nm,
which corresponds to a photon energy of 2.26 eV.

This maximum is caused by a band—band recom-
bination of electron-hole pairs. Consequently, the
band gap of the (GaP), ¢3(Siy)o0> SS at a temperature
of 5 Kiis E, = 2.26 €V. It is interesting that one more
luminescence response is observed in the long-wave-
length region of the spectrum at a wavelength of 840 nm,
which corresponds to photon energy E;, = 1.47 eV.
The fact that the mentioned response can be, to all
appearance, connected with the formation of the

atomic energy level of Si, molecules located at £, g;, =

1.47 eV below the bottom of the conduction band
(GaP)95(Siy).02 SS (Fig. 2b). It is known that the sil-
icon band gap at 5 K amounts to 1.2 eV [19]. However,
if Si, molecules are located in the GaP crystal lattice, then,
the dissociation energy of the Si—Si covalent bond exhibits
a decrease by AE = E;; — E, 5 = (147 — 1.20) eV =
0.27 eV at a temperature of 5 K under the influence of
the surrounding Ga and P atoms. The (Si,), _ (GaP),
(0<£x<0.98) SS (0 £x<0.98) grown on Si substrates
can be used as a substrate material for the further
growth of binary I1I-V compounds, or as active mate-
rials for the development of optoelectronic devices
operating in the visible and near-infrared regions of
the radiation spectrum [22, 23].

The PL spectrum of  the epitaxial
(ZnSe), 33(Siy)g 03(GaP), g9 SS layer shown in Fig. 3a
has been measured at a temperature of 5 K. The PL
No. 3
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was excited using the radiation of a Ga—Cd laser
(Max = 325 nm). The PL spectrum of the SS covers a
wide band in the visible radiation range from 400 to
800 nm. The main broad maximum of radiation at a
wavelength of 440 nm is caused by a band—band
recombination of electron-hole pairs. The band gap of
the investigated SSs at 5 K is E, 1p 55 = 2.82 €V. In the
long-wavelength region of the PL spectrum, there are
two more peaks at wavelengths of 740 nm (£, = 1.67 eV)
and 560 nm (E,;, = 2.21 eV). These peaks can be, in all
appearance, caused by radiative transitions of elec-
trons from the conduction band to the energy levels of
Si, and GaP molecules, respectively.

The covalent Si—Si bond in the tetrahedral crystal
lattice of the (ZnSe),s3(Siy)g03(GaP)yg9 SS is
strengthened under the influence of strongly bonded

atoms of ZnSe molecules to attain the value of £, g;, =

1.67 eV at 5 K instead of the value of E, 5 = 1.20 eV,
which is characteristic of pure silicon. In this case, the
peak at £, = 2.21 eV almost coincides with the band gap
of gallium phosphide at 5 K, which indicates that there is
an insignificant effect of atoms composing ZnSe mole-
cules exerted on the dissociation energy of the Ga—P
covalent bond in the (ZnSe) g5(Siy)g 03(GaP)g 9 SS.

The analysis of the PL spectrum shows that Si—Si
and Ga—P covalent bonds in the
(ZnSe), s3(Siy)g 03(GaP)y g9 SS cause deep impurity
energy levels at E;5; = 1.67 eV and E, g,p = 2.21 eV
below the bottom of the SS conduction band, respec-
tively (Fig. 3b). Thus, the covalent Si—Si bond in the
crystal lattice of (ZnSe) g3(Siy)o.03(GaP)g o9 SS exhib-
itsanincreaseby AE= E, 5; — E, i~ (1.67 — 1.2) eV=
0.47 eV at a temperature of 5 K under the influence of
surrounding atoms inherent in the base material.
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Figure 4a shows a photoluminescence spectrum of
the surface of the ZnS),_ (Si,), epitaxial film mea-
sured at a temperature of 77 K. The laser radiation
supplied to the film surface is absorbed in the surface
region within a thickness of ~3 um. In this area, the
content of ZnS is 97 mol %. Consequently, the lumi-
nescent radiation originates from the sublayer of the
(Zn8S).97(Siz)g,03 SS.

The study of the spectrum of the luminescence
excitation for this SS has shown that at an excitation
wavelength amounting to 335 nm, a radiation peak is
observed in the spectrum corresponding to the band
gap inherent in the SS under study (E, = 3.7 V). The
long-wavelength edge of the PL spectrum is extended
to the right, and there is a peak corresponding to a
photon energy amounting to 1.82 eV (A = 680 nm).
The occurrence of this peak could be caused by a

luminescent radiation under electron transition from
the conduction band to the impurity levels originated
from the atoms composing Si, molecules (Fig. 4b).
Just as it was in previous cases, under the influence of
more strongly bonded atoms of ZnS molecules, the
dissociation energy of a Si—Si covalent bond in the
(ZnS), 97(Si,)g 03 SS exhibits a gain in value to 1.82 eV
instead of 1.16 eV, which is typical for pure silicon at
77 K. Thus, the covalent Si—Si bond in the crystal lat-
tice of a (ZnS)y.¢7(Siy)p 3 SS exhibits an increase of
AE=Es — E, = (1.82 — 1.16) eV = 0.66 €V at a
temperature of 77 K. The (ZnS),_,(Si,), SSs grown
on Si substrates could be used either as a substrate
material for the further growth of binary II—-VI com-
pounds, or as an active material for the development of
optoelectronic devices operating in the visible and
infrared regions of the radiation spectrum [24, 25].

No. 3
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solid solutions.

DISCUSSION
The analysis of PL for the studied
(GaAs) 95(Ge,)g 05(Siy), (GaP) 45(Siy) 0,025

(ZnSe)( g3(Siz).03(GaP)g 09, and (ZnS)g97(Siz)g.03 SSs
shows that in all cases the atoms composing Si, mole-
cules form deep impurity energy levels located in the
band gap of the SSs. Since the Si, molecules are isova-
lent with respect to the molecules of the SS compo-
nents, the Si—Si covalent bond can act as a donor.
Based on the experimental data of the PL spectrum,
we have analyzed the covalent bond dissociation
energy of Si, impurity molecules (£; g; ) depending on
the band gap (£,) and on the crystal lattice parameter of
the base material (Fig. 5). From Fig. 5a one can see that,
with increasing E, an increase in the value of E; g g; is
observed. At the same time, the value of E; 5; depend-
ing on E, can be approximated by a linear functional
relationship expressed in the following form:

E; s, (V) =0.94 (eV) +0.24E, (eV).

The increase in E| g;, with increasing £, inherent in
the base semiconductor could be caused by the
hybridization of the electron shells of the atoms of Si,
molecules with the electron shells of atoms of the base
material molecules. The stronger the covalent bond
between the atoms of the base material molecules, the
greater the energy of the breaking of the covalent bond
between the atoms of impurity Si, molecules.

The analysis of E; 5; depending on the crystal lat-
tice parameter (Fig. 5b) of the base material shows that
the value of E; 5;, depends on the crystal lattice param-

eter too. The dependence on the crystal lattice param-
eter is more complicated. It is different for different
III—V and II—VI binary compounds. At close crystal

lattice parameters of the base material,E;; has a
APPLIED SOLAR ENERGY Vol. 56
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higher value in SSs based on II—VI binary compounds
than in SSs based on III—V compounds, which could
be caused by the influence of the fraction of the ionic
component in the chemical bonding of the atoms in
the base material molecules.

With an increase in the crystal lattice parameter,
both for II1I—-V binary compounds and for II—-VI ones,

a decrease in the value of E, is observed (see

Fig. 5b). This is caused by a change in the length of the
Si—Si covalent bond under the influence of atoms
belonging to the molecules of the base material. The
Si, impurity molecules introduced into the crystal lat-
tice are tuned with respect to the crystal lattice under
the action of nodal atoms of the base material and the
length of the Si—Si covalent bond (Lg;) exhibits either
an increase or a decrease depending on the type and
number of surrounding atoms. With decreasing Lg;,
the interaction forces between the atoms of Si, mole-
cules increase and, accordingly, the interaction energy
increases.

It should be noted that a similar dependence of
changes in the covalent bond dissociation energy
inherent in impurity molecules depending on the band
gap and the crystal lattice parameter of semiconductor
materials has been observed earlier by the authors of
this paper for GaAs impurity molecules in semicon-
ductor materials based on Si, Sn, GaAs, GaSb, and
nSb [9].

One urgent problems in semiconductor materials
science consists in the integration of silicon technol-

ogy with the technology of A""BY and A"BV! binary
compounds in order to reduce the cost of production.

The (Si,), _,(GaP), SS is a photoactive material in
the photon energy range from 1.2 to 3.1 eV, whereas
the Si,), _(ZnS), solid solution is photoactive from
1.25 to 3.2 eV. The crystal lattice constants of Si (a =
0.54307 nm), GaP (¢ = 0.5451 nm) and ZnS (a =
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0.54109 nm) have close values, the difference between
them is less than 0.37%. This is very important for
obtaining high-quality epitaxial films of such SSs on Si
substrates with a low density of dislocation defects.
Therefore, these solid solutions are promising materi-
als for the development of silicon photocells with an
extended range of photosensitivity in the short-wave-
length region of the solar radiation spectrum.

CONCLUSIONS

Silicon molecules that replace two atoms of the
base semiconductor form deep impurity energy levels
lying in the band gap of SSs obtained based on Ge,
GaAs, GaP, ZnSe, and ZnS. Since the difference
between the sums of the covalent radii of the atoms
forming the molecules of the considered compounds
and Si, molecules does not exceed 10% and the sums
of the valences of the atoms forming these molecules
are equal, the Si, molecules do not represent active
recombination centers. They can promote radiative
electronic transitions of nonequilibrium carriers at
high levels of charge carrier injection into the semi-
conductor. The spectral region of (Si,), _,(GaP), and
(Siy); _,(ZnS), SS photosensitivity covers a wave-
length range from ~400 to ~900 nm, therefore, these
SSs can be used as a photoactive material for the devel-
opment of photocells and photosensors operating in
the visible and near-infrared region of the radiation
spectrum.
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