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The possibility of growing multicomponent epitaxial films of 12 

a semiconductor solid solution of molecular substitution 13 

(Si2)1−y−z(GaP)y(ZnSe)z on Si and GaP substrates by liquid-phase 14 

epitaxy is shown. The distribution profiles of the atoms of the 15 

solid solution components Ga, P, Zn, Se, and Si over the thick-16 

ness of the epitaxial film have been determined. The current- 17 

voltage (I−V) characteristics of p-Si-n-(Si2)1−y−z(GaP)y(ZnSe)z 18 

heterostructures have been studied. A temperature-independent 19 

I−V characteristic has been found, the existence of which is ex-20 

plained on the basis of a theory considering the possibility of 21 

"blurring" of the impurity level. By comparing the theoretical 22 

and experimental results, the half-width of the blurring band for 23 

the energy levels of atoms of Si2 and GaP molecules was determined, which had values equal to 0.146 and 0.34 eV, respectively. 24 
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I. INTRODUCTION 28 

The synthesis of solid solutions based on several semi-29 

conductor materials makes it possible to control their fun-30 

damental properties such as a band gap, a spectral sensitivity 31 

region, etc., which are of great importance for the manufac-32 

ture of modern optoelectronic devices [1−6]. In this regard, 33 

it is important to grow and study wide-gap semiconductor 34 

solid solutions with electrically passive isovalent impurities, 35 

the energy levels of which lie deep in the band gap of the 36 

base semiconductor. This will significantly expand the re-37 

gion of spectral sensitivity of a wide-gap material towards 38 

long waves and will make it possible to manufacture broad-39 

band photodetectors and photoconverters based on them 40 

[7−13]. This paper presents the results of a study on the 41 

growth of a (Si2)1−y−z(GaP)y(ZnSe)z solid solution. The 42 

wide-gap semiconductor ZnSe (the band gap energy Eg, ZnSe 43 

= 2.68 eV) was chosen as the base component, and isovalent 44 

GaP and Si2 molecules were chosen as the impurity. Atoms 45 

of narrow-gap semiconductor molecules form deep energy 46 

levels located in the band gap of a wide-gap semiconductor 47 

[14]. The sums of the covalent radii of the atoms of the 48 

ZnSe, Si2, and GaP molecules have close values with rZnSe = 49 

2.45 Å, rSi2 = 2.34 Å, and rGaP = 2.36 Å, and the sum of the 50 

valences of the atoms are equal among the ZnSe molecules 51 

(ZZn + ZSe), Si2 (ZSi + ZSi), and GaP (ZGa + ZP). Mutual sub-52 

stitution of these molecules does not strongly deform the 53 

crystal lattice and does promote the formation of a solid 54 

solution of molecular substitution (Si2)1−x−y(GaP)x(ZnSe)y. 55 
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II. MATERIALS AND METHODS 56 

For the formation of a substitutional solid solution be-57 

tween Si, GaP, and ZnSe, it is necessary to create conditions 58 

for molecular substitution. These conditions were created on 59 

the basis of a solution-melt model with molecular compo-60 

nents [15] (Figure 1). According to this model, semiconduc-61 

tor compounds III-V and II-VI, when dissolved in metallic 62 

solvents at temperatures well below the melting point of 63 

these compounds, are mainly in the form of molecules. 64 

When GaP and ZnSe are dissolved in Sn at a temperature of 65 

850°С, the GaP and ZnSe molecules do not decompose into 66 

individual Ga, P, Zn, and Se atoms but are in the form of the 67 

GaP and ZnSe molecules. The melting temperatures of GaP 68 

and ZnSe are 1477 and 1525°C, respectively, so that the 69 

temperature of 850°С is insufficient for complete breakage 70 

of Ga−P and Zn−Se bonds. The chemical bond between the 71 

atoms of compounds III-V and II-VI has both covalent and 72 

ionic characters. The crystal structure of GaP and ZnSe is 73 

cubic of the zinc blende type.  74 

Let us consider the covalent-ionic nature of the GaP 75 

chemical bond. Figure 2 shows the covalent bonds of 8 at-76 

oms in the crystal lattice of the GaP binary compound. Each 77 

Ga atom forms a chemical bond with four P atoms; similarly, 78 

each P atom forms a chemical bond with four Ga atoms. The 79 

atoms located at the center of the corresponding tetrahedra 80 

are denoted as Ga* and P*. The Ga* atom has 3 valence 81 

electrons, and all of them will participate in the formation of 82 

covalent bonds with three neighboring P atoms [bonds (1), 83 

(2), and (3)]. The P* atom has 5 valence electrons, three of 84 

which participate in the formation of covalent bonds with 85 

three neighboring Ga atoms [bonds (5), (6), and (7)] (see 86 

Figure 2). The remaining two electrons participate in the 87 

formation of a chemical bond with the Ga* atom [bond (4)]. 88 

Since bonds (1), (2), (3), (5), (6), and (7) are formed due to 89 

the generalization of electrons of neighboring Ga and P at-90 

oms, and bond (4) is formed only due to two electrons of the 91 

P* atom and, then, apparently, the ionic fraction of chemical 92 

bond (4) will be stronger than the others. Therefore, bond 93 

(4) is stronger than the others. At certain temperatures, co-94 

valent bonds (1), (2), (3), (5), (6), and (7) (Figure 2) can 95 

break, while relatively strong bond (4) remains unchanged.  96 

To prove the above model, experiments were carried out 97 

to study the solubility of GaP and ZnSe, as well as individu-98 

al substances Ga, P, Zn and Se in Sn at 850°С. 99 

As can be seen from the temperature dependence of the 100 

solubility of GaP and ZnSe in Sn, shown in Figure 3, with 101 

an increase in temperature from 600 to 850°С, the solubility 102 

of GaP increases from 1 to ~9.4 mol%, and ZnSe from 0.17 103 

to 0.7 mol%. Separate substances Ga, P, Zn, and Se at 850°С 104 

are in a liquid or gaseous state. If these substances are 105 

 
Figure 1: Dissolved GaP, ZnSe, and Si2 molecules in Sn. 

 
Figure 2: Covalent bonds of Ga and P atoms in the crystal lattice of GaP. 

 

Figure 3: Temperature dependence of GaP (а) and ZnSe (b) solu-
bility in Sn. 

 
Figure 4: Dissolution of gallium phosphide in the form of GaP 
molecules (a) and of gallium and phosphorus in the form of indi-
vidual Ga and P atoms (b) in Sn at a temperature of 850°С. 

 
Figure 5: Dissolution of zinc selenide in the form of ZnSe mole-
cules (a) and of zinc and selenium in the form of individual Zn and 
Se atoms (b) in Sn at a temperature of 850°С. 
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placed separately in liquid Sn, then Ga, P, Zn will com-106 

pletely dissolve at 850°С, and Se will dissolve within ~12 107 

at% [Figures 4(b) and 5(b)].  Therefore, when dissolving 108 

GaP and ZnSe in Sn at 850°С, assuming that the GaP and 109 

ZnSe molecules are divided into individual Ga, P, Zn, and 110 

Se atoms, it can be assumed that the GaP or ZnSe crystal 111 

immersed in Sn should completely dissolve. This does not 112 

happen; the solubilities of GaP and ZnSe in Sn are limited. 113 

This indirectly confirms that GaP and ZnSe dissolved in Sn 114 

solution at temperatures up to 900°С are in the form of GaP 115 

and ZnSe molecules.  116 

Since the binding energies of atoms of ZnSe, Si2, and GaP 117 

molecules differ, the substitution of the ZnSe molecules by 118 

Si2 or GaP molecules in the crystal lattice leads to a quanti-119 

tative change in the forces of interaction between the nearest 120 

neighbors, but the covalent nature of the bond in the crystal 121 

lattice remains (Figure 6). As can be seen from Figure 6, 122 

when the ZnSe molecule is replaced by two Si atoms, the 123 

crystal lattice of the solid solution has covalent bonds such 124 

as Zn−Se, Zn−Si, Si−Si, and Si−Se, and there are covalent 125 

bonds of Ga−P, Ga−Se, Zn−Se, and Zn−P around the GaP 126 

molecules.  127 

The chemical composition of the epitaxial layers of the 128 

(Si2)1−y−z(GaP)y(ZnSe)z solid solution was examined by an 129 

X-ray microanalyzer (JSM 5910 LV, JEOL). The growth of 130 

solid solutions of molecular substitution (Si2)1−y−z(GaP)y- 131 

(ZnSe)z was carried out in a vertical-type quartz reactor 132 

(Figure 7). 133 

The horizontally arranged substrates were fixed in a 134 

graphite cassette. The process of the growth of epitaxial 135 

films was carried out with forced cooling of a liquid Sn so-136 

lution-melt in a hydrogen atmosphere. The solution-melt 137 

was poured into the space bounded by two substrates [16, 138 

17]. Single-crystal wafers of p-type silicon and n-type gal-139 

lium phosphide were used as substrates. The substrates had 140 

(111) crystallographic orientation, a thickness of 400 μm, 141 

and a diameter of 20 mm. The percentage ratio of the com-142 

ponents of the solution-melt Sn-ZnSe-Si-GaP was calculated 143 

on the basis of preliminary results of the experimental stud-144 

ies and literature data [18−20]. When optimizing the film 145 

growth process, the following process parameters were var-146 

ied: the initial crystallization temperature (Ts), the solu-147 

tion-melt cooling rate (υ), the solution-melt thickness (δ). 148 

The solid epitaxial films with mirror-smooth surfaces and 149 

good adhesion on the substrate surface were grown at Ts = 150 

850°С, υ = 1°С min−1, and δ = 1 mm. The epitaxial films 151 

had a thickness of ~30 μm and n-type conductivity. 152 

III. RESULT AND DISCUSSION 153 

Figure 8 shows the distribution profile of Si, Zn, Se, Ga, 154 

and P atoms of the epitaxial layer of the (Si2)1−y−z(GaP)y- 155 

(ZnSe)z solid solution grown on the GaP substrates. The 156 

analysis shows that the main component of the solid solution 157 

is the wide-gap ZnSe material.  158 

When growing an epitaxial film on the GaP substrates, a 159 

layer of gallium phosphide grows from the very beginning. 160 

However, as the film grows, the molar content of Ga and P 161 

atoms rapidly decreases. These atoms are effectively re-162 

placed by silicon atoms. The substrate-film transition region 163 

is highly inhomogeneous. This area is enriched with silicon. 164 

The content of silicon atoms in the transition region first 165 

rapidly increases and then rapidly decreases. The content of 166 

 
Figure 7: Drawing of a liquid-phase epitaxy installation: 1−a 
quartz reactor, 2−a quartz crucible, 3−solution-melt, 4−graphite 
cassette, 5−silicon substrates, 6−graphite supports, 7−control de-
vice, 8−heating blocks, and 9−an electric motor. 

 
Figure 8: Distribution profile of Si, Zn, Se, Ga, and P atoms in the 
epitaxial layer of the (Si2)1−y−z(GaP)y(ZnSe)z solid solution grown 
on the GaP substrates. 

 
Figure 6: Spatial arrangement of atoms of the solid solution of 
molecular substitution (Si2)1−y−z(GaP)y(ZnSe)z, when a ZnSe mol-
ecule is replaced by two Si atoms (a) and a GaP molecule (b). 
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the Zn and Se atoms in the transition region increases mon-167 

otonically from zero to ~40 at%. On the surface of the epi-168 

taxial film, the content of the Ga atoms was 3.7 at%, P 5.3 169 

at%, Zn 46.8 at%, Se 43.2 at%, and Si 1 at%. In the 170 

near-surface region of the epitaxial film, a layer of a solid 171 

solution of molecular substitution (Si2)0.01(GaP)0.09(ZnSe)0.90 172 

is formed. 173 

To study the mechanisms of the current transfer in p-n 174 

structures, RΩ−p-Si-n-(Si2)1−y−z(GaP)y(ZnSe)z−RΩ structures 175 

were fabricated and their I−V characteristics were measured. 176 

RΩ is current-collecting ohmic contacts. The Ohmic contacts 177 

were formed by vacuum deposition of silver-solid on the 178 

side of the substrate and quadrangular with an area of 12 179 

mm2 on the side of the epitaxial layer. 180 

The I−V characteristics of the structures were recorded in 181 

the forward and reverse directions at various temperatures 182 

(Figure 9). Figure 9 shows that at all temperatures in the 183 

voltage range from 0 to 3 V, a current saturation is not ob-184 

served. This suggests that the classical theory, which does 185 

not take into account the presence of impurities other than 186 

small doping donors and acceptors, is inapplicable here.  187 

The I−V characteristics in the forward direction also does 188 

not correspond to the classical concepts. As can be seen 189 

from Figure 8 in the temperature range from 20 to 120°C, 190 

the I−V characteristic form does not practically change and 191 

its temperature dependence is very weak. Thus, we can say 192 

that, in this temperature range, we have a tempera-193 

ture-independent I−V characteristics. Traditionally, such I−V 194 

characteristics are usually explained by the tunneling mech-195 

anism of the passage of the current through the p-n junction. 196 

However, to implement this mechanism, it is necessary that 197 

the transition path should be narrow and the electric field 198 

should be strong. None of these conditions is satisfied for us, 199 

since our heterojunction was quite extended and the field 200 

was weak. There is another theory explaining the appear-201 

ance of the I−V characteristics, which does not depend on 202 

the temperature. This theory is based on the effect of injec-203 

tion depletion, more precisely, the theory of the transfor-204 

mation of this effect under conditions of the existence of a 205 

blurred impurity spectrum in a semiconductor. 206 

As is known, the electron and hole transport equations in 207 

the p-n structures are usually not considered separately, and 208 

the equation describing the so-called ambipolar transport of 209 

free carriers in the base of the p-n structure is obtained by 210 

mathematical transformations [21]: 211 

𝐷𝐷a
d2𝑝𝑝
d𝑥𝑥2

− 𝜗𝜗a
d𝑝𝑝
d𝑥𝑥

− 𝑈𝑈 = 0, 212 

where p is the concentration of charge carriers, x is the co-213 

ordinate, 𝜗𝜗a is the ambipolar drift velocity of charge carri-214 

ers, U is the recombination rate of nonequilibrium charge 215 

carriers, and 𝐷𝐷a is the ambipolar diffusion coefficient of 216 

charge carriers, which is equal to 217 

𝐷𝐷a = 𝐷𝐷p
2𝑏𝑏(𝛾𝛾 + 1)
𝑏𝑏(𝛾𝛾 + 𝑏𝑏 + 1). 218 

The ambipolar drift velocity is generally determined by the 219 

expression: 220 

𝜗𝜗a =
𝜇𝜇a

(𝑏𝑏𝛾𝛾 + 𝑏𝑏 + 1)𝑝𝑝
�𝑁𝑁d − �

d𝐸𝐸
d𝑥𝑥

− 𝑝𝑝
𝜕𝜕
𝜕𝜕𝑝𝑝

�
𝜕𝜕𝐸𝐸
𝜕𝜕𝑥𝑥
��         221 

                                                          +𝑁𝑁t+ − 𝑝𝑝
𝜕𝜕
𝜕𝜕𝑝𝑝

(𝑁𝑁t+)� 𝐸𝐸𝐽𝐽 , 222 

where 𝐸𝐸𝐽𝐽 = 𝐽𝐽/�𝑞𝑞𝜇𝜇p(𝑏𝑏𝛾𝛾 + 𝑏𝑏 + 1)𝑝𝑝� is the electric field in 223 

the base, 𝛾𝛾 = 𝑁𝑁t 𝑝𝑝1t⁄  is the sticking factor, 𝑁𝑁t is the total 224 

concentration of trapping centers, 𝑁𝑁t+  is the number of 225 

trapping centers that captured hole, 𝑝𝑝1𝑡𝑡 = 𝑁𝑁Vexp[−Δ𝐸𝐸𝑡𝑡/226 

(𝑘𝑘𝑘𝑘)] is the Shockley-Read statistical factor for the level of 227 

trapping centers, Δ𝐸𝐸t = 𝐸𝐸V − 𝐸𝐸t is the activation energy of 228 

the level of trapping centers 𝐸𝐸t, 𝜇𝜇a = 𝜇𝜇n/(𝑏𝑏𝛾𝛾 + 𝑏𝑏 + 1) is 229 

the ambipolar mobility, 𝑏𝑏 = 𝜇𝜇n/𝜇𝜇p is the ratio of the elec-230 

tron and hole mobilities, and J is the current density. It is 231 

known that terms proportional to d𝐸𝐸/d𝑥𝑥 become signifi-232 

cant in long p-n structures when 𝑑𝑑/𝐿𝐿 ≥ 10, so they can be 233 

omitted in our case. 234 

In our case of blurring of the impurity level, the ambipo-235 

lar drift velocity takes the form [22]: 236 

𝜗𝜗a =
𝐽𝐽𝑝𝑝−𝛼𝛼𝛼𝛼𝛼𝛼

𝑞𝑞𝑏𝑏𝛾𝛾
, (1) 237 

where 1/𝛼𝛼 is the “characteristic” energy that determines 238 

the half-width of the blurring band of the impurity level. It 239 

follows from Eq. (1) that, in this case, the ambipolar drift 240 

velocity depends not only on the current density but also on 241 

the concentration of nonequilibrium carriers. Under these 242 

conditions, the injection characteristics are changed. In par-243 

ticular, instead of the well-known characteristic of the effect 244 

of injection depletion 𝑉𝑉~exp(𝑎𝑎𝐽𝐽𝑑𝑑), we obtain the expres-245 

sion for the temperature-independent I−V characteristics in 246 

the form [22, 23] 247 

𝐽𝐽 = 𝐽𝐽0𝑒𝑒𝐴𝐴𝐴𝐴𝐴𝐴, (2) 248 

 

Figure 9: I−V characteristics of the p-Si-n-(Si2)1−y−z(GaP)y(ZnSe)z 
heterostructure at different temperatures. 
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where 𝐴𝐴 =  2𝛼𝛼. The parameter “𝐴𝐴” can be calculated di-249 

rectly from the experiment using the formula: 𝐴𝐴 =250 

ln(𝐽𝐽2 𝐽𝐽1⁄ ) [𝑞𝑞(𝑉𝑉2 − 𝑉𝑉1)]⁄ , q is the elementary charge. 𝐽𝐽1 and 251 

𝐽𝐽2 are the current densities, and 𝑉𝑉1 and 𝑉𝑉2 are the voltages 252 

corresponding to two points of the exponential section of the 253 

I−V characteristic. 254 

An analysis of the direct branch of the I−V characteristics 255 

of the structure shows that, in the initial section, the de-256 

pendence 𝐽𝐽 =  𝑓𝑓(𝑉𝑉) is practically independent of temper-257 

ature and can be described by two successively replacing 258 

each other exponential dependences of the type Eq. (2) in 259 

the voltage range from 0.05 to 0.25 V and from 0.3 up to 0.6 260 

V (Figure 9). 261 

To determine the values of the parameter 𝐴𝐴, correspond-262 

ing to two exponential sections of the I−V characteristics, 263 

we rebuilt these sections of the I−V characteristics on a 264 

semi-logarithmic scale (Figures 10 and 11). Analysis of the 265 

results shows that in the first section (at the voltages from 266 

0.05 to 0.25 V), the parameter 𝐴𝐴 takes the value 𝐴𝐴1 = 267 

13.6 eV−1 for all temperatures between 20 and 120°С. The 268 

half-width of the blurring band of the impurity level in this 269 

case is 1/𝛼𝛼 = 0.146 eV. In the second section of the I−V 270 

characteristics (at the voltages from 0.3 to 0.6 V) (Figure 11), 271 

the parameter 𝐴𝐴 takes the value 𝐴𝐴2 = 5.79 eV−1, and the 272 

half-width of the blurring band of the impurity level is 273 

1/𝛼𝛼 = 0.34 eV. The data obtained apparently indicate the 274 

formation of two deep blurred energy levels in the band gap 275 

of the solid solution (Si2)1−y−z(GaP)y(ZnSe)z. 276 

With a further increase in the current, exponential de-277 

pendences of the type Eq. (2) are replaced by power-law 278 

dependences of the type 𝐽𝐽 = 𝐵𝐵𝑉𝑉𝑚𝑚, with different values of 279 

the exponent m. In the area from 1.2 to 2.37 V, the m index 280 

decreases from 1.6 to 1.3 with an increase in the temperature 281 

from 30 to 120°С (Figure 9). 282 

It should be emphasized that a number of conditions are 283 

necessary for the implementation of the effect of injection 284 

depletion, the main of which is the opposite direction of 285 

ambipolar diffusion and drift at the base of the p-n-n+ 286 

structure. At first glance, it seems that this is impossible in a 287 

p-n structure with an Ohmic rear contact. However, it should 288 

be remembered that we have a graded-gap semiconductor, 289 

the band gap in which varies greatly along the n-base (ap-290 

proximately from Eg,Si = 1.1 eV to Eg, ZnSe = 2.7 eV). In this 291 

case, any external influence (injection, temperature, etc.) 292 

will lead to the appearance of a concentration gradient 293 

d𝑝𝑝/d𝑥𝑥 > 0, which is necessary to implement the effect of 294 

injection depletion. However, as the injection level increases, 295 

the contribution of the “quasi-electric” fields 𝐸𝐸𝐶𝐶(𝑥𝑥)  and 296 

𝐸𝐸𝐴𝐴(𝑥𝑥) becomes less and less significant, since they remain 297 

unchanged. This can lead to a violation of the equilibrium 298 

between ambipolar diffusion and drift and the appearance of 299 

a new power-law I−V characteristics pattern [22]: 300 

𝐽𝐽 ≈ 𝑉𝑉2 (1+𝛼𝛼𝛼𝛼𝛼𝛼)⁄ . 301 

Such an I−V characteristic qualitatively well explains the 302 

change in the exponent m from 1.6 to 1.3 in the experi-303 

mental I−V characteristics curves in Figure 9. With increas-304 

ing temperature, the exponent m in the dependence 𝐽𝐽 =305 

𝐵𝐵𝑉𝑉𝑚𝑚 decreases. 306 

Previously, we studied the photoluminescence spectrum 307 

of an epitaxial layer of the (ZnSe)0.88(Si2)0.03(GaP)0.09 solid 308 

solution, grown on the GaP substrates from the liquid phase 309 

[24]. It is shown that, in addition to the main peak, the pho-310 

 
Figure 10: I−V characteristics of the p-Si-n-(Si2)1−y−z(GaP)y- 

(ZnSe)z heterostructure on a semi-logarithmic scale in the voltage 
range from 0.05 to 0.25 V at different temperatures. 

 
Figure 12: Energy band diagram of the (ZnSe)0.90(Si2)0.01(GaP)0.09 
solid solution with a blurred band of energy levels Ei, Si2 and Ei, GaP 
of the atoms of the Si2 and GaP molecules, respectively. EC, SS is 
the bottom of the conduction band, and EV, SS is the top of the va-
lence band of the solid solution. 

 
Figure 11: The same as Figure 10 but the voltage range from 0.3 
to 0.6 V. 
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toluminescence spectrum at a temperature of 5 K contains 311 

two more peaks at photon energies of 1.67 and 2.21 eV. 312 

These peaks are characterized by electronic transitions in-313 

volving impurity energy levels of atoms of Si2 and GaP 314 

molecules. The observed two exponential segments on the 315 

temperature-independent I−V characteristics apparently in-316 

dicate that the atoms of the Si2 and GaP molecules form a 317 

blurred band of deep energy levels located at Ei, Si2 = 1.67 eV 318 

and Ei, GaP = 2.21 eV below the bottom of the conduction 319 

band of the solid solution, respectively. The half-width of 320 

the blurring band of the impurity level at Ei, Si2 = 1.67 eV is 321 

ΔE i, Si2 = 0.146 eV, and that at Ei, GaP = 2.21 eV is ΔEi, GaP = 322 

0.34 eV (Figure 12). 323 

IV. CONCLUSIONS 324 

Liquid-phase epitaxy using metal solvents at temperatures 325 

well below the melting points of the solid solution compo-326 

nents promotes the growth of semiconductor solid solution 327 

of molecular substitution. The possibility of obtaining a 328 

multicomponent solid solution of molecular substitution 329 

(Si2)1−y−z(GaP)y(ZnSe)z with a blurred band of deep impurity 330 

energy levels of atoms of Si2 and GaP molecules located in 331 

the band gap of the solid solution is shown. A wide-gap 332 

multicomponent semiconductor solid solution, the compo-333 

nents of which form blurred bands of deep impurity energy 334 

levels, can be used to fabricate light-emitting diodes as well 335 

as to expand the spectral photosensitivity region of the base 336 

material in the long-wavelength region of the emission 337 

spectrum. 338 
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