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ɂɡɭɱɟɧɵ ɫɬɢɦɭɥɢɪɨɜɚɧɧɨɟ ɢɡɥɭɱɟɧɢɟ, ɨɩɬɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɢ ɫɬɪɭɤɬɭɪɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɧɟ-

ɨɛɥɭɱɟɧɧɵɯ ɢ ɨɛɥɭɱɟɧɧɵɯ ɩɪɨɬɨɧɚɦɢ ɬɨɧɤɢɯ ɩɥɟɧɨɤ Cu(In,Ga)Se2, ɧɚɩɵɥɟɧɧɵɯ ɧɚ ɧɚɬɪɢɣɫɨɞɟɪɠɚ-ɳɢɟ 
ɫɬɟɤɥɹɧɧɵɟ ɩɨɞɥɨɠɤɢ ɫɨɢɫɩɚɪɟɧɢɟɦ ɷɥɟɦɟɧɬɨɜ ɜ ɦɧɨɝɨɫɬɚɞɢɣɧɨɦ ɩɪɨɰɟɫɫɟ. ɂɫɫɥɟɞɨɜɚɧɢɹ ɩɥɟ-ɧɨɤ 
ɩɪɨɜɟɞɟɧɵ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɪɟɧɬɝɟɧɨɫɬɪɭɤɬɭɪɧɨɝɨ ɚɧɚɥɢɡɚ, ɫɤɚɧɢɪɭɸɳɟɣ ɷɥɟɤɬɪɨɧɧɨɣ ɦɢɤɪɨ-ɫɤɨɩɢɢ, 
ɪɟɧɬɝɟɧɨɫɩɟɤɬɪɚɥɶɧɨɝɨ ɚɧɚɥɢɡɚ ɫ ɷɧɟɪɝɟɬɢɱɟɫɤɨɣ ɞɢɫɩɟɪɫɢɟɣ, ɧɢɡɤɨɬɟɦɩɟɪɚɬɭɪɧɨɣ ɮɨɬɨ-
ɥɸɦɢɧɟɫɰɟɧɰɢɢ , ɨɩɬɢɱɟɫɤɨɝɨ ɩɪɨɩɭɫɤɚɧɢɹ ɢ ɨɬɪɚɠɟɧɢɹ. ȼ ɧɟɨɛɥɭɱɟɧɧɵɯ ɢ ɨɛɥɭɱɟɧɧɵɯ ɩɪɨɬɨɧɚɦɢ 
ɬɨɧɤɢɯ ɩɥɟɧɤɚɯ Cu(In,Ga)Se2 ɨɛɧɚɪɭɠɟɧɨ ɫɬɢɦɭɥɢɪɨɜɚɧɧɨɟ ɢɡɥɭɱɟɧɢɟ ɩɪɢ ɧɢɡɤɢɯ ɬɟɦɩɟɪɚɬɭɪɚɯ (~20 Ʉ) 

ɩɪɢ ɜɨɡɛɭɠɞɟɧɢɢ ɢɦɩɭɥɶɫɚɦɢ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢɹ ɧɚɧɨɫɟɤɭɧɞɧɨɣ ɞɥɢɬɟɥɶɧɨɫɬɢ ɫ ɩɨɪɨɝɨɜɨɣ ɩɥɨɬɧɨ-ɫɬɶɸ 
ɦɨɳɧɨɫɬɢ ~20 ɤȼɬ/ɫɦ2

. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɩɨɹɜɥɟɧɢɟ ɢ ɩɚɪɚɦɟɬɪɵ ɫɬɢɦɭɥɢɪɨɜɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢɹ ɫɢɥɶɧɨ 
ɡɚɜɢɫɹɬ ɨɬ ɤɨɧɰɟɧɬɪɚɰɢɢ ɢɨɧɧɨ-ɢɧɞɭɰɢɪɨɜɚɧɧɵɯ ɞɟɮɟɤɬɨɜ ɜ ɬɨɧɤɢɯ ɩɥɟɧɤɚɯ Cu(In,Ga)Se2. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: Cu(In,Ga)Se2, ɬɨɧɤɚɹ ɩɥɟɧɤɚ, ɩɪɨɬɨɧ, ɞɟɮɟɤɬ, ɫɬɢɦɭɥɢɪɨɜɚɧɧɨɟ ɢɡɥɭɱɟɧɢɟ. 
 

Stimulated emission, optical properties, and structural characteristics of non-irradiated and proton-

irradiated Cu(In,Ga)Se2 thin films deposited on soda lime glass substrates using co-evaporation of elements 
in a multistage process were investigated. X-ray diffraction analysis, scanning electron microscopy, X-ray 
spectral analysis with energy dispersion, low-temperature photoluminescence, optical transmittance and 
reflectance were used to study the films. Stimulated emission at low temperatures of ~20 K was found in 

non-irradiated and proton-irradiated Cu(In,Ga)Se2 thin films upon excitation by laser pulses of nanosecond 

du-ration with a threshold power density of ~20 kW/cm
2
. It was shown that the appearance and parameters 

of the stimulated emission depend strongly on the concentration of ion-induced defects in Cu(In,Ga)Se2 thin 
films. 

Keywords: Cu(In,Ga)Se2, thin film, proton, defect, stimulated emission.  
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ȼɜɟɞɟɧɢɟ. ɇɚ ɫɨɜɪɟɦɟɧɧɨɦ ɷɬɚɩɟ ɪɚɡɜɢɬɢɹ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɣ ɮɨɬɨɜɨɥɶɬɚɢɤɢ ɬɜɟɪɞɵɟ ɪɚɫɬɜɨɪɵ 

Cu(In,Ga)Se2 (CIGSe) — ɨɞɧɢ ɢɡ ɧɚɢɛɨɥɟɟ ɜɨɫɬɪɟɛɨɜɚɧɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɞɥɹ ɫɨɡɞɚɧɢɹ ɜɵɫɨɤɨɷɮɮɟɤ-ɬɢɜɧɵɯ 
ɫɨɥɧɟɱɧɵɯ ɷɥɟɦɟɧɬɨɜ [1—3]. Ʉɨɷɮɮɢɰɢɟɧɬ ɩɨɥɟɡɧɨɝɨ ɞɟɣɫɬɜɢɹ (ɤ.ɩ.ɞ.) ɫɨɥɧɟɱɧɵɯ ɷɥɟɦɟɧɬɨɜ, ɫɨɡɞɚɧɧɵɯ 
ɧɚ ɨɫɧɨɜɟ ɬɨɧɤɢɯ ɩɥɟɧɨɤ CIGSe, ɞɨɫɬɢɝ ~22.6 %, ɱɬɨ ɫɨɩɨɫɬɚɜɢɦɨ ɫ ɤ.ɩ.ɞ. ~26 % ɞɥɹ ɮɨɬɨ-
ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɟɣ ɫɨɥɧɟɱɧɨɣ ɷɧɟɪɝɢɢ ɧɚ ɨɛɴɟɦɧɨɦ ɦɨɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɨɦ ɤɪɟɦɧɢɢ [1, 4—6]. Ȼɨɥɟɟ 
ɩɪɨɫɬɚɹ ɬɨɧɤɨɩɥɟɧɨɱɧɚɹ ɬɟɯɧɨɥɨɝɢɹ ɞɥɹ ɫɨɥɧɟɱɧɵɯ ɷɥɟɦɟɧɬɨɜ ɧɚ ɨɫɧɨɜɟ CIGSe, ɮɨɪɦɢɪɭɟɦɵɯ ɧɚ 
ɞɟɲɟɜɵɯ ɩɨɞɥɨɠɤɚɯ ɢɡ ɫɬɟɤɥɚ ɢɥɢ ɩɨɥɢɢɦɢɞɚ, ɞɚɟɬ ɩɨɬɟɧɰɢɚɥɶɧɵɟ ɩɪɟɢɦɭɳɟɫɬɜɚ ɩɨ ɫɪɚɜɧɟɧɢɸ  
ɫ ɬɟɯɧɨɥɨɝɢɟɣ ɧɚ ɦɨɧɨ- ɢ ɩɨɥɢɤɪɢɫɬɚɥɥɢɱɟɫɤɨɦ ɤɪɟɦɧɢɢ [2—4]. Ⱦɚɥɶɧɟɣɲɟɟ ɩɨɜɵɲɟɧɢɟ ɤ.ɩ.ɞ. ɮɨɬɨ-
ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɟɣ ɫɨɥɧɟɱɧɨɣ ɷɧɟɪɝɢɢ ɦɨɠɧɨ ɨɛɟɫɩɟɱɢɬɶ ɫɨɜɟɪɲɟɧɫɬɜɨɜɚɧɢɟɦ ɬɟɯɧɨɥɨɝɢɢ ɩɨɥɭɱɟɧɢɹ 
ɛɨɥɟɟ ɤɚɱɟɫɬɜɟɧɧɵɯ ɩɥɟɧɨɤ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ CIGSe ɢ ɪɚɡɪɚɛɨɬɤɨɣ ɧɨɜɵɯ ɦɟɬɨɞɨɥɨɝɢɱɟɫɤɢɯ ɩɨɞɯɨ-
ɞɨɜ ɤ ɢɡɭɱɟɧɢɸ ɮɢɡɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ ɷɬɢɯ ɛɚɡɨɜɵɯ ɩɨɝɥɨɳɚɸɳɢɯ ɫɥɨɟɜ. Ɇɧɨɝɨɱɢɫɥɟɧɧɵɟ ɢɫɫɥɟɞɨɜɚ-
ɧɢɹ ɩɨɤɚɡɚɥɢ [7—10], ɱɬɨ ɮɨɬɨɥɸɦɢɧɟɫɰɟɧɰɢɹ (ɎɅ) ɤɚɤ ɛɟɫɤɨɧɬɚɤɬɧɵɣ ɢ ɧɟɪɚɡɪɭɲɚɸɳɢɣ ɦɟɬɨɞ 
ɯɚɪɚɤɬɟɪɢɡɚɰɢɢ ɞɟɮɟɤɬɨɜ, ɩɪɢɦɟɫɟɣ, ɫɨɫɬɚɜɚ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ ɢ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ ɦɨɠɟɬ 
ɛɵɬɶ ɩɪɢɦɟɧɟɧɚ ɞɥɹ ɨɩɬɢɦɢɡɚɰɢɢ ɬɟɯɧɨɥɨɝɢɢ ɮɨɪɦɢɪɨɜɚɧɢɹ ɫɨɥɧɟɱɧɵɯ ɷɥɟɦɟɧɬɨɜ ɧɚ ɨɫɧɨɜɟ ɬɨɧɤɢɯ 
ɩɥɟɧɨɤ ɩɪɹɦɨɡɨɧɧɵɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜ CIGSe. ȼ ɛɨɥɶɲɢɧɫɬɜɟ ɫɥɭɱɚɟɜ ɩɪɢ ɪɟɝɢɫɬɪɚɰɢɢ ɫɩɟɤɬɪɨɜ ɎɅ 
ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ CIGSe ɢɫɩɨɥɶɡɨɜɚɥɢɫɶ ɥɚɡɟɪɵ, ɨɛɟɫɩɟɱɢɜɚɸɳɢɟ ɧɢɡɤɢɣ ɭɪɨɜɟɧɶ ɨɩɬɢɱɟɫɤɨɝɨ ɜɨɡ-

ɛɭɠɞɟɧɢɹ ɞɨ ~10 ȼɬ/ɫɦ2 [7, 8, 10—13]. ɇɟɞɚɜɧɨ ɛɵɥɨ ɩɪɨɞɟɦɨɧɫɬɪɢɪɨɜɚɧɨ [14, 15], ɱɬɨ ɢɫɫɥɟɞɨɜɚɧɢɟ 
ɎɅ ɩɪɢ ɜɵɫɨɤɨɦ ɭɪɨɜɧɟ ɜɨɡɛɭɠɞɟɧɢɹ ɞɨ ~100 ɤȼɬ/ɫɦ2 ɞɚɟɬ ɞɨɩɨɥɧɢɬɟɥɶɧɵɟ ɜɨɡɦɨɠɧɨɫɬɢ ɤɨɧɬɪɨɥɹ 
ɷɥɟɤɬɪɨɧɧɵɯ ɫɜɨɣɫɬɜ ɢ ɫɬɪɭɤɬɭɪɧɨɝɨ ɫɨɜɟɪɲɟɧɫɬɜɚ ɬɨɧɤɢɯ ɩɥɟɧɨɤ CIGSe.  

ȼ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ ɩɪɢɜɟɞɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɹ ɜɡɚɢɦɨɫɜɹɡɢ ɫɬɪɭɤɬɭɪɧɵɯ ɯɚɪɚɤɬɟɪɢ-
ɫɬɢɤ ɢ ɫɬɢɦɭɥɢɪɨɜɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢɹ (T = 20 Ʉ) ɩɪɢ ɜɵɫɨɤɨɣ ɩɥɨɬɧɨɫɬɢ ɦɨɳɧɨɫɬɢ ɢɦɩɭɥɶɫɧɨɝɨ ɥɚ-
ɡɟɪɧɨɝɨ ɜɨɡɛɭɠɞɟɧɢɹ ɩɥɟɧɨɤ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ CIGSe, ɨɛɥɭɱɟɧɧɵɯ ɧɢɡɤɨɷɧɟɪɝɟɬɢɱɟɫɤɢɦɢ ɩɪɨɬɨɧɚ-
ɦɢ ɫ ɰɟɥɶɸ ɫɨɡɞɚɧɢɹ ɞɟɮɟɤɬɨɜ ɢ ɢɡɦɟɧɟɧɢɹ ɷɥɟɤɬɪɨɧɧɨɣ ɫɬɪɭɤɬɭɪɵ ɩɪɹɦɨɡɨɧɧɵɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜ 
ɫɨ ɫɬɪɭɤɬɭɪɨɣ ɯɚɥɶɤɨɩɢɪɢɬɚ. ɉɪɨɞɟɦɨɧɫɬɪɢɪɨɜɚɧɚ ɜɨɡɦɨɠɧɨɫɬɶ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɩɚɪɚɦɟɬɪɨɜ ɫɬɢɦɭɥɢ-
ɪɨɜɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢɹ ɞɥɹ ɨɰɟɧɤɢ ɫɬɪɭɤɬɭɪɧɨɝɨ ɫɨɜɟɪɲɟɧɫɬɜɚ ɬɨɧɤɢɯ ɩɥɟɧɨɤ CIGSe, ɩɪɢɦɟɧɹɟɦɵɯ 
ɞɥɹ ɫɨɡɞɚɧɢɹ ɮɨɬɨɩɪɟɨɛɪɚɡɨɜɚɬɟɥɟɣ ɫɨɥɧɟɱɧɨɣ ɷɧɟɪɝɢɢ.  

ɗɤɫɩɟɪɢɦɟɧɬ. ɂɫɫɥɟɞɨɜɚɧɢɹ ɩɪɨɜɨɞɢɥɢɫɶ ɧɚ ɩɥɟɧɤɚɯ CIGSe, ɨɫɚɠɞɟɧɧɵɯ ɧɚ ɧɚɬɪɢɣɫɨɞɟɪɠɚɳɢɟ 

ɫɬɟɤɥɹɧɧɵɟ ɩɨɞɥɨɠɤɢ ɬɨɥɳɢɧɨɣ 2 ɦɦ ɦɟɬɨɞɨɦ ɨɞɧɨɜɪɟɦɟɧɧɨɝɨ ɫɨɢɫɩɚɪɟɧɢɹ ɷɥɟɦɟɧɬɨɜ Cu, In, Ga 
ɢ Se ɜ ɦɧɨɝɨɫɬɚɞɢɣɧɨɦ ɩɪɨɰɟɫɫɟ ɩɨ ɢɡɜɟɫɬɧɨɣ ɬɟɯɧɨɥɨɝɢɢ [16, 17]. ɉɥɟɧɤɢ CIGSe ɬɨɥɳɢɧɨɣ 1.4 ɦɤɦ 

ɨɛɥɭɱɚɥɢɫɶ ɩɪɨɬɨɧɚɦɢ ɫ ɷɧɟɪɝɢɹɦɢ 2.5, 5 ɢ 10 ɤɷȼ ɞɨɡɨɣ 3 · 1015 ɫɦ–2. ɗɥɟɦɟɧɬɧɵɣ ɫɨɫɬɚɜ ɢ ɦɨɪɮɨɥɨ-ɝɢɹ 
ɩɨɜɟɪɯɧɨɫɬɢ ɬɨɧɤɢɯ ɩɥɟɧɨɤ ɨɩɪɟɞɟɥɹɥɢɫɶ ɦɟɬɨɞɨɦ ɥɨɤɚɥɶɧɨɝɨ ɪɟɧɬɝɟɧɨɫɩɟɤɬɪɚɥɶɧɨɝɨ ɚɧɚɥɢɡɚ  
ɫ ɩɨɦɨɳɶɸ ɫɤɚɧɢɪɭɸɳɟɝɨ ɷɥɟɤɬɪɨɧɧɨɝɨ ɦɢɤɪɨɫɤɨɩɚ Tescan Mira 3GMU (Ȼɪɧɨ, ɑɟɯɢɹ), ɨɫɧɚɳɟɧɧɨɝɨ 
ɪɟɧɬɝɟɧɨɫɩɟɤɬɪɚɥɶɧɵɦ ɦɢɤɪɨɚɧɚɥɢɡɚɬɨɪɨɦ ɫ ɷɧɟɪɝɟɬɢɱɟɫɤɨɣ ɞɢɫɩɟɪɫɢɟɣ ɧɚ ɨɫɧɨɜɟ ɤɪɟɦɧɢɟɜɨɝɨ ɞɟ-
ɬɟɤɬɨɪɚ SDD X-max (Oxford Instruments, Ⱥɛɢɧɝɞɨɧ, ȼɟɥɢɤɨɛɪɢɬɚɧɢɹ). Ɏɚɡɨɜɵɣ ɫɨɫɬɚɜ ɢ ɩɚɪɚɦɟɬɪɵ 
ɷɥɟɦɟɧɬɚɪɧɨɣ ɹɱɟɣɤɢ ɨɩɪɟɞɟɥɹɥɢɫɶ ɦɟɬɨɞɨɦ ɪɟɧɬɝɟɧɨɫɬɪɭɤɬɭɪɧɨɝɨ ɚɧɚɥɢɡɚ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɪɟɧɬ-
ɝɟɧɨɜɫɤɨɝɨ ɞɢɮɪɚɤɬɨɦɟɬɪɚ ȾɊɈɇ-3Ɇ ɜ CuK -ɢɡɥɭɱɟɧɢɢ. ȼɨɡɛɭɠɞɟɧɢɟ ɎɅ ɜ ɬɨɧɤɢɯ ɩɥɟɧɤɚɯ ɩɪɢ 
ɧɢɡɤɨɦ ɭɪɨɜɧɟ ɜɨɡɛɭɠɞɟɧɢɹ ~3 ȼɬ/ɫɦ2 ɨɫɭɳɟɫɬɜɥɹɥɨɫɶ ɢɡɥɭɱɟɧɢɟɦ ɧɟɩɪɟɪɵɜɧɨɝɨ ɬɜɟɪɞɨɬɟɥɶɧɨɝɨ 
ɥɚɡɟɪɚ ɫ ɞɥɢɧɨɣ ɜɨɥɧɵ = 532 ɧɦ, ɚ ɩɪɢ ɜɵɫɨɤɨɦ ɭɪɨɜɧɟ ɜɨɡɛɭɠɞɟɧɢɹ — ɢɦɩɭɥɶɫɧɵɦ ɢɡɥɭɱɟɧɢɟɦ  
ɚɡɨɬɧɨɝɨ ɥɚɡɟɪɚ ɅȽɂ-505 (ɇɂɂ “ɉɥɚɡɦɚ”, Ɋɹɡɚɧɶ, Ɋɨɫɫɢɹ) ɫ ~ 337.1 ɧɦ, ȿɢɦɩ ~ 30 ɦɤȾɠ, Ĳɢɦɩ ~ 8 ɧɫ, 
ɱɚɫɬɨɬɨɣ ɩɨɜɬɨɪɟɧɢɹ ɢɦɩɭɥɶɫɨɜ f = 525 Ƚɰ. Ⱦɥɹ ɥɚɡɟɪɨɜ ɨɛɨɢɯ ɬɢɩɨɜ ɩɥɨɳɚɞɶ ɜɨɡɛɭɠɞɚɸɳɟɝɨ ɫɜɟɬɨ-  
ɜɨɝɨ ɩɹɬɧɚ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɨɛɪɚɡɰɨɜ ~1 ɦɦ2. Ⱦɥɹ ɨɫɥɚɛɥɟɧɢɹ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢɹ ɢɫɩɨɥɶɡɨɜɚɥɫɹ ɤɪɭ-
ɝɨɜɨɣ ɝɪɚɞɢɟɧɬɧɵɣ ɨɫɥɚɛɢɬɟɥɶ. Ⱦɥɹ ɢɡɦɟɪɟɧɢɹ ɫɩɟɤɬɪɨɜ ɎɅ ɩɪɢ ɧɢɡɤɢɯ ɬɟɦɩɟɪɚɬɭɪɚɯ (~20 Ʉ) ɨɛɪɚɡ-ɰɵ 
ɤɪɟɩɢɥɢɫɶ ɤ ɦɟɞɧɨɦɭ ɯɥɚɞɨɩɪɨɜɨɞɭ ɨɩɬɢɱɟɫɤɨɝɨ ɝɟɥɢɟɜɨɝɨ ɪɟɮɪɢɠɟɪɚɬɨɪɚ ɡɚɦɤɧɭɬɨɝɨ ɰɢɤɥɚ CCS-150 
(Janis Research Co., ɋɒȺ). Ɋɟɝɢɫɬɪɚɰɢɹ ɫɩɟɤɬɪɨɜ ɎɅ ɜ ɨɛɥɚɫɬɢ 0.9—1.7 ɦɤɦ ɨɫɭɳɟɫɬɜɥɹɥɚɫɶ 
ɦɨɧɨɯɪɨɦɚɬɨɪɨɦ ɫ ɞɢɮɪɚɤɰɢɨɧɧɨɣ ɪɟɲɟɬɤɨɣ 600 ɲɬɪ/ɦɦ (ɨɛɪɚɬɧɚɹ ɥɢɧɟɣɧɚɹ ɞɢɫɩɟɪɫɢɹ 26 Å/ɦɦ) ɫ 
ɭɫɬɚɧɨɜɥɟɧɧɵɦ ɧɚ ɟɝɨ ɜɵɯɨɞɟ ɞɟɬɟɤɬɨɪɨɦ ɂɄ ɢɡɥɭɱɟɧɢɹ ɧɚ ɨɫɧɨɜɟ InGaAs-ɥɢɧɟɣɤɢ ɬɢɩɚ G9212-5128 
(Hamamatsu, əɩɨɧɢɹ). ɋɩɟɤɬɪɵ ɨɩɬɢɱɟɫɤɨɝɨ ɩɪɨɩɭɫɤɚɧɢɹ ɢ ɨɬɪɚɠɟɧɢɹ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 4.2 Ʉ ɢɡɦɟ-ɪɹɥɢɫɶ 
ɧɚ ɦɨɧɨɯɪɨɦɚɬɨɪɟ ɆȾɊ-23ɍ ɫ ɩɨɫɥɟɞɭɸɳɟɣ ɨɛɪɚɛɨɬɤɨɣ ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɦɟɬɨɞɢɤɚɦɢ [8, 9].  

Ɋɟɡɭɥɶɬɚɬɵ ɢ ɢɯ ɨɛɫɭɠɞɟɧɢɟ. ɇɚ ɪɢɫ. 1 ɩɪɟɞɫɬɚɜɥɟɧɚ ɞɢɮɪɚɤɬɨɝɪɚɦɦɚ ɬɨɧɤɨɣ ɩɥɟɧɤɢ CIGSe, 
ɞɟɦɨɧɫɬɪɢɪɭɸɳɚɹ ɧɚɥɢɱɢɟ ɞɢɮɪɚɤɰɢɨɧɧɵɯ ɪɟɮɥɟɤɫɨɜ ɨɬɪɚɠɟɧɢɹ 112, 220/204, 312/116, 008/400 ɢ 
316/332, ɨɬɧɨɫɹɳɢɯɫɹ ɤ ɮɚɡɟ ɯɚɥɶɤɨɩɢɪɢɬɚ. Ⱦɢɮɪɚɤɬɨɝɪɚɦɦɚ ɡɚɪɟɝɢɫɬɪɢɪɨɜɚɧɚ ɜ ɢɧɬɟɪɜɚɥɟ ɭɝɥɨɜ 
ɞɢɮɪɚɤɰɢɢ 2Ĭ ~ 15—90° ɜ ɪɟɠɢɦɟ ɫɤɚɧɢɪɨɜɚɧɢɹ ɫ ɲɚɝɨɦ 0.02° ɢ ɜɪɟɦɟɧɟɦ ɧɚɤɨɩɥɟɧɢɹ ɫɢɝɧɚɥɚ 3 ɫ. 
ȼɵɫɨɤɚɹ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɢ ɦɚɥɚɹ ɩɨɥɭɲɢɪɢɧɚ ɪɟɮɥɟɤɫɨɜ, ɚ ɬɚɤɠɟ ɨɬɫɭɬɫɬɜɢɟ ɧɚ ɞɢɮɪɚɤɬɨɝɪɚɦɦɟ ɞɨ- 
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ɩɨɥɧɢɬɟɥɶɧɵɯ ɪɟɮɥɟɤɫɨɜ ɨɬ ɩɨɫɬɨɪɨɧɧɢɯ ɮɚɡ ɭɤɚɡɵɜɚɸɬ ɧɚ ɨɞɧɨɪɨɞɧɨɫɬɶ ɫɨɫɬɚɜɚ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ 
CIGSe ɢ ɜɵɫɨɤɨɟ ɤɚɱɟɫɬɜɨ ɫɬɪɭɤɬɭɪɵ ɨɫɚɠɞɟɧɧɨɣ ɩɨɥɢɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɩɥɟɧɤɢ.  

Ɉɩɪɟɞɟɥɟɧɢɟ ɩɚɪɚɦɟɬɪɨɜ ɷɥɟɦɟɧɬɚɪɧɨɣ ɹɱɟɣɤɢ ɞɥɹ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ CIGSe ɩɪɨɜɨɞɢɥɨɫɶ ɚɩ-
ɩɪɨɤɫɢɦɚɰɢɟɣ ɤɨɧɬɭɪɨɜ ɪɟɮɥɟɤɫɨɜ ɧɚ ɞɢɮɪɚɤɬɨɝɪɚɦɦɟ ɩɫɟɜɞɨɮɨɣɝɬɨɜɵɦɢ ɤɪɢɜɵɦɢ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢ-
ɟɦ ɩɨɥɧɨɩɪɨɮɢɥɶɧɨɣ ɩɪɨɰɟɞɭɪɵ ɩɨɞɝɨɧɤɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ ɩɨ ɩɪɨɝɪɚɦɦɟ FullProf. ɇɚ 
ɪɢɫ. 1, ɚ ɜɢɞɧɨ, ɱɬɨ ɪɚɡɧɨɫɬɧɚɹ ɤɪɢɜɚɹ ɞɚɟɬ ɭɞɨɜɥɟɬɜɨɪɢɬɟɥɶɧɨɟ ɫɨɨɬɜɟɬɫɬɜɢɟ ɷɤɫɩɟɪɢɦɟɧɬɚ ɢ ɪɚɫ-
ɱɟɬɚ. ɉɚɪɚɦɟɬɪɵ ɷɥɟɦɟɧɬɚɪɧɨɣ ɹɱɟɣɤɢ CIGSe ɨɤɚɡɚɥɢɫɶ a ~ 5.727 Å ɢ c ~ 11.44 Å. Ȼɥɢɡɤɢɟ ɡɧɚɱɟɧɢɹ a 
ɢ c ɬɚɤɠɟ ɩɨɥɭɱɟɧɵ ɧɚ ɨɫɧɨɜɚɧɢɢ ɪɚɫɱɟɬɨɜ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɢɡɜɟɫɬɧɨɝɨ ɫɨɨɬɧɨɲɟɧɢɹ ȼɭɥɶɮɚ— 
Ȼɪɷɝɝɚ ɞɥɹ ɬɟɬɪɚɝɨɧɚɥɶɧɨɣ ɪɟɲɟɬɤɢ CIGSe [9]. ɋɪɚɜɧɟɧɢɟ ɩɨɥɭɱɟɧɧɵɯ ɩɚɪɚɦɟɬɪɨɜ a ɢ c ɫ ɢɡɜɟɫɬɧɵɦɢ 
ɚɧɚɥɨɝɢɱɧɵɦɢ ɞɚɧɧɵɦɢ ɞɥɹ ɩɥɟɧɨɤ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ CuIn1–xGaxSe2 ɜ ɞɢɚɩɚɡɨɧɟ ɫɨɫɬɚɜɨɜ 0 ≤ x ≤ 1 
ɭɤɚɡɵɜɚɟɬ ɧɚ ɬɨ, ɱɬɨ ɢɫɫɥɟɞɭɟɦɵɟ ɩɥɟɧɤɢ ɢɦɟɸɬ ɫɨɫɬɚɜ ɯ = Ga/(Ga+In) ~ 0.25—0.28 [18, 19]. Ⱦɥɹ ɧɚ-
ɝɥɹɞɧɨɫɬɢ ɧɚ ɪɢɫ. 1, ɛ ɞɢɮɪɚɤɬɨɝɪɚɦɦɚ ɩɪɢɜɟɞɟɧɚ ɜ ɩɨɥɭɥɨɝɚɪɢɮɦɢɱɟɫɤɨɦ ɦɚɫɲɬɚɛɟ. Ʉɚɤ ɜɢɞɧɨ, ɫɨ-
ɨɬɧɨɲɟɧɢɟ ɢɧɬɟɧɫɢɜɧɨɫɬɟɣ ɨɫɧɨɜɧɨɝɨ ɪɟɮɥɟɤɫɚ 112 ɢ ɪɟɮɥɟɤɫɨɜ 220/204 ɚɧɨɦɚɥɶɧɨ ɜɵɫɨɤɨɟ  
I112/I220/204 ~ 150. ɗɬɨ ɭɤɚɡɵɜɚɟɬ ɧɚ ɩɪɚɤɬɢɱɟɫɤɢ ɩɨɥɧɭɸ ɨɪɢɟɧɬɚɰɢɸ ɨɬɞɟɥɶɧɵɯ ɡɟɪɟɧ ɜ ɬɨɧɤɢɯ ɩɨɥɢ-
ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɩɥɟɧɤɚɯ ɩɨ ɧɚɩɪɚɜɥɟɧɢɸ <112>, ɬ. ɟ. ɩɥɨɫɤɨɫɬɢ (112) ɞɥɹ ɛɨɥɶɲɢɧɫɬɜɚ ɡɟɪɟɧ ɪɚɫɩɨ-  
ɥɨɠɟɧɵ ɩɪɚɤɬɢɱɟɫɤɢ ɩɚɪɚɥɥɟɥɶɧɨ ɫɬɟɤɥɹɧɧɨɣ ɩɨɞɥɨɠɤɟ. Ⱥɧɚɥɢɡ ɦɨɪɮɨɥɨɝɢɢ ɩɨɜɟɪɯɧɨɫɬɢ ɬɨɧɤɨɣ 
ɩɥɟɧɤɢ CIGSe ɧɚ ɫɤɚɧɢɪɭɸɳɟɦ ɷɥɟɤɬɪɨɧɧɨɦ ɦɢɤɪɨɫɤɨɩɟ ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɨɧɚ ɢɦɟɟɬ ɩɥɨɬɧɨ ɭɩɚɤɨ-
ɜɚɧɧɭɸ ɨɞɧɨɪɨɞɧɭɸ ɫɬɪɭɤɬɭɪɭ ɡɟɪɟɧ ɫ ɱɟɬɤɢɦɢ ɝɪɚɧɢɰɚɦɢ ɢ ɞɨɦɢɧɢɪɭɸɳɢɦɢ ɪɚɡɦɟɪɚɦɢ ~0.5—1.5 
ɦɤɦ. ɂɫɫɥɟɞɨɜɚɧɢɟ ɦɨɪɮɨɥɨɝɢɢ ɩɨɜɟɪɯɧɨɫɬɢ ɧɚ ɪɚɡɥɢɱɧɵɯ ɭɱɚɫɬɤɚɯ ɬɨɧɤɨɣ ɩɥɟɧɤɢ ɧɚ ɩɥɨɳɚɞɢ 2 3 

ɫɦ2 ɩɨɞɬɜɟɪɞɢɥɨ ɩɚɪɚɥɥɟɥɶɧɭɸ ɨɪɢɟɧɬɚɰɢɸ ɩɥɨɫɤɨɫɬɟɣ (112) ɞɥɹ ɛɨɥɶɲɢɧɫɬɜɚ ɡɟɪɟɧ ɩɨ ɨɬɧɨɲɟɧɢɸ  
ɤ ɫɬɟɤɥɹɧɧɨɣ ɩɨɞɥɨɠɤɟ. ɉɪɢ ɷɬɨɦ ɞɥɹ ɩɨɥɢɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɩɥɟɧɨɤ CIGSe ɯɚɪɚɤɬɟɪɧɵ ɦɚɥɚɹ ɩɨɪɢɫ-
ɬɨɫɬɶ ɢ ɯɨɪɨɲɚɹ ɚɞɝɟɡɢɹ ɡɟɪɟɧ ɤ ɫɬɟɤɥɹɧɧɨɣ ɩɨɞɥɨɠɤɟ. 
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Ɋɢɫ. 1. Ⱦɢɮɪɚɤɬɨɝɪɚɦɦɚ ɬɨɧɤɨɣ ɩɥɟɧɤɢ ɬɜɟɪɞɨɝɨ ɪɚɫɬɜɨɪɚ CIGSe ɧɚ ɫɬɟɤɥɟ ɜ ɥɢɧɟɣɧɨɦ (ɚ)  
ɢ ɩɨɥɭɥɨɝɚɪɢɮɦɢɱɟɫɤɨɦ (ɛ) ɦɚɫɲɬɚɛɚɯ: 1, 2 — ɷɤɫɩɟɪɢɦɟɧɬ, 3 — ɬɟɨɪɟɬɢɱɟɫɤɚɹ 

ɩɨɞɝɨɧɤɚ, 4 — ɪɚɡɧɨɫɬɧɚɹ ɤɪɢɜɚɹ 
 

Ɋɟɧɬɝɟɧɨɫɩɟɤɬɪɚɥɶɧɵɣ ɚɧɚɥɢɡ ɩɨɜɟɪɯɧɨɫɬɢ ɩɥɟɧɤɢ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɫɤɚɧɢɪɭɸɳɟɣ ɷɥɟɤɬɪɨɧɧɨɣ 
ɦɢɤɪɨɫɤɨɩɢɢ ɢ ɩɪɢɫɬɚɜɤɢ Oxford Instruments ɫ ɷɧɟɪɝɟɬɢɱɟɫɤɨɣ ɞɢɫɩɟɪɫɢɟɣ ɩɨɡɜɨɥɢɥ ɨɩɪɟɞɟɥɢɬɶ ɭɫ-
ɪɟɞɧɟɧɧɵɣ ɷɥɟɦɟɧɬɧɵɣ ɫɨɫɬɚɜ (ɚɬ.%) ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ CIGSe ɩɨ 20 ɪɚɡɥɢɱɧɵɦ ɬɨɱɤɚɦ: Cu ~ 24.6, In ~ 
21.8, Ga ~ 5.8 ɢ Se ~ 47.8, ɫ ɫɨɨɬɧɨɲɟɧɢɟɦ ɷɥɟɦɟɧɬɨɜ ɯ = Ga/(Ga+In) ~ 0.21, ɱɬɨ ɧɟɫɤɨɥɶɤɨ ɧɢɠɟ ɡɧɚɱɟɧɢɹ ɯ 
~ 0.25—0.28, ɨɰɟɧɟɧɧɨɝɨ ɩɨ ɞɚɧɧɵɦ ɫɪɚɜɧɢɬɟɥɶɧɨɝɨ ɪɟɧɬɝɟɧɨɫɬɪɭɤɬɭɪɧɨɝɨ ɚɧɚɥɢɡɚ [18, 19]. Ɍɚɤɨɟ 
ɪɚɡɥɢɱɢɟ ɜ ɨɩɪɟɞɟɥɟɧɢɢ ɫɨɫɬɚɜɚ ɦɨɠɟɬ ɛɵɬɶ ɫɜɹɡɚɧɨ ɫ ɧɟɨɞɧɨɪɨɞɧɵɦ ɪɚɫɩɪɟɞɟɥɟɧɢɟɦ ɷɥɟɦɟɧ-ɬɨɜ ɩɨ 
ɬɨɥɳɢɧɟ ɩɥɟɧɤɢ, ɱɬɨ ɯɚɪɚɤɬɟɪɧɨ ɞɥɹ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ CIGSe [20, 21]. Ʉɪɨɦɟ ɬɨɝɨ, ɩɪɢ ɪɟɧɬ-
ɝɟɧɨɞɢɮɪɚɤɰɢɨɧɧɵɯ ɢɡɦɟɪɟɧɢɹɯ ɩɪɨɧɢɤɧɨɜɟɧɢɟ ɪɟɧɬɝɟɧɨɜɫɤɨɝɨ CuK -ɢɡɥɭɱɟɧɢɹ ɫ ~ 1.5406 Å ɩɪɨ-ɢɫɯɨɞɢɬ 
ɧɚ ɩɨɥɧɭɸ ɬɨɥɳɢɧɭ ɩɥɟɧɤɢ, ɚ ɜ ɫɥɭɱɚɟ ɪɟɧɬɝɟɧɨɫɩɟɤɬɪɚɥɶɧɨɝɨ ɥɨɤɚɥɶɧɨɝɨ ɦɢɤɪɨɚɧɚɥɢɡɚ ɩɪɢ ɧɟɜɵɫɨɤɢɯ 
ɭɫɤɨɪɹɸɳɢɯ ɧɚɩɪɹɠɟɧɢɹɯ ɷɥɟɤɬɪɨɧɧɨɝɨ ɡɨɧɞɚ ~4—5 ɤɷȼ ɨɩɪɟɞɟɥɟɧɢɟ ɫɨɫɬɚɜɚ ɩɪɨɜɨɞɢ-ɥɨɫɶ ɬɨɥɶɤɨ ɜ 
ɩɪɢɩɨɜɟɪɯɧɨɫɬɧɨɣ ɨɛɥɚɫɬɢ ɬɨɥɳɢɧɨɣ ~200—300 ɧɦ. ɗɬɢɦɢ ɮɢɡɢɱɟɫɤɢɦɢ ɮɚɤɬɨɪɚɦɢ ɦɨɠɧɨ ɨɛɴɹɫɧɢɬɶ 
ɪɚɡɥɢɱɢɟ ɜ ɨɰɟɧɤɟ ɫɨɫɬɚɜɚ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɞɜɭɯ ɦɟɬɨɞɢɤ. 
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ɇɚ ɪɢɫ. 2, ɚ ɩɪɢɜɟɞɟɧ ɫɩɟɤɬɪ ɨɩɬɢɱɟɫɤɨɝɨ ɩɪɨɩɭɫɤɚɧɢɹ ɧɟɨɛɥɭɱɟɧɧɨɣ ɩɥɟɧɤɢ CIGSe, ɡɚɪɟɝɢɫɬɪɢ-
ɪɨɜɚɧɧɵɣ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 4.2 Ʉ ɫɨ ɫɩɟɤɬɪɚɥɶɧɵɦ ɪɚɡɪɟɲɟɧɢɟɦ 0.5 ɦɷȼ. ȼɢɞɧɨ, ɱɬɨ ɩɥɟɧɤɚ ɬɨɥɳɢ-
ɧɨɣ 1.4 ɦɤɦ ɜ ɞɥɢɧɧɨɜɨɥɧɨɜɨɣ ɨɛɥɚɫɬɢ ~0.8 ɷȼ ɢɦɟɟɬ ɨɬɧɨɫɢɬɟɥɶɧɨ ɜɵɫɨɤɨɟ ɩɪɨɩɭɫɤɚɧɢɟ ~50 %  
ɢ ɫɥɚɛɨ ɜɵɪɚɠɟɧɧɭɸ ɢɧɬɟɪɮɟɪɟɧɰɢɨɧɧɭɸ ɫɬɪɭɤɬɭɪɭ ɜ ɨɛɥɚɫɬɢ ɷɧɟɪɝɢɣ <0.9 ɷȼ. ȼ ɨɛɥɚɫɬɢ ɜɵɫɨɤɢɯ 
ɷɧɟɪɝɢɣ (1.15—1.25 ɷȼ) ɨɬɱɟɬɥɢɜɨ ɩɪɨɹɜɥɹɟɬɫɹ ɪɟɡɤɢɣ ɤɪɚɣ ɮɭɧɞɚɦɟɧɬɚɥɶɧɨɝɨ ɨɩɬɢɱɟɫɤɨɝɨ ɩɨɝɥɨ-
ɳɟɧɢɹ. ɗɬɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɞɚɧɧɵɟ ɭɤɚɡɵɜɚɸɬ ɧɚ ɜɵɫɨɤɨɟ ɤɚɱɟɫɬɜɨ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ CIGSe, 
ɜɵɪɚɳɟɧɧɵɯ ɧɚ ɫɬɟɤɥɹɧɧɨɣ ɩɨɞɥɨɠɤɟ. ȼ ɨɛɥɚɫɬɢ 1.0—1.4 ɷȼ ɢɡɦɟɪɟɧɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ ɨɩɬɢɱɟɫɤɨɝɨ 
ɨɬɪɚɠɟɧɢɹ ɬɨɧɤɢɯ ɩɥɟɧɨɤ R ~ 0.15. Ʉɨɷɮɮɢɰɢɟɧɬ ɩɨɝɥɨɳɟɧɢɹ ɪɚɫɫɱɢɬɚɧ ɩɨ ɮɨɪɦɭɥɟ [22]:   

 1 ln 1  R 4    4T 2 R 2     1  R 2 
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ɝɞɟ d — ɬɨɥɳɢɧɚ ɩɥɟɧɤɢ; T ɢ R — ɤɨɷɮɮɢɰɢɟɧɬɵ ɨɩɬɢɱɟɫɤɨɝɨ ɩɪɨɩɭɫɤɚɧɢɹ ɢ ɨɬɪɚɠɟɧɢɹ. Ⱦɥɹ ɩɨɥɭ-
ɩɪɨɜɨɞɧɢɤɨɜ ɫ ɪɚɡɪɟɲɟɧɧɵɦɢ ɩɪɹɦɵɦɢ ɩɟɪɟɯɨɞɚɦɢ ɷɥɟɤɬɪɨɧɨɜ ɢɡ ɜɚɥɟɧɬɧɨɣ ɡɨɧɵ ɜ ɡɨɧɭ ɩɪɨɜɨɞɢ-
ɦɨɫɬɢ ɫɩɟɤɬɪɚɥɶɧɚɹ ɡɚɜɢɫɢɦɨɫɬɶ ɤɨɷɮɮɢɰɢɟɧɬɚ ɩɨɝɥɨɳɟɧɢɹ ɨɩɪɟɞɟɥɹɟɬɫɹ ɫɨɨɬɧɨɲɟɧɢɟɦ [23]:  

(h ) = A(h  – Eg)1/2, (2) 
ɝɞɟ Ⱥ — ɤɨɧɫɬɚɧɬɚ; Eg — ɲɢɪɢɧɚ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ. ɇɚ ɪɢɫ. 2, ɛ ɩɪɟɞɫɬɚɜɥɟɧɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ 
ɞɚɧɧɵɟ ɩɨ ɨɛɪɚɛɨɬɤɟ ɫɩɟɤɬɪɨɜ ɨɩɬɢɱɟɫɤɨɝɨ ɩɪɨɩɭɫɤɚɧɢɹ ɢ ɨɬɪɚɠɟɧɢɹ ɧɚ ɨɫɧɨɜɚɧɢɢ ɮɨɪɦɭɥ (1) ɢ (2). 
ɒɢɪɢɧɚ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ Eg ɞɥɹ ɩɥɟɧɤɢ ɨɩɪɟɞɟɥɟɧɚ ɷɤɫɬɪɚɩɨɥɹɰɢɟɣ ɥɢɧɟɣɧɨɣ ɱɚɫɬɢ ɡɚɜɢɫɢɦɨɫɬɢ  
ɩɚɪɚɦɟɬɪɚ ( hȞ)2 ɤ ɨɫɢ ɷɧɟɪɝɢɢ ɮɨɬɨɧɨɜ ɢ ɞɥɹ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ CIGSe Eg ~ 1.19 ɷȼ. Ⱥɧɚɥɨɝɢɱɧɵɟ 
ɨɩɬɢɱɟɫɤɢɟ ɢɡɦɟɪɟɧɢɹ ɩɨ ɨɩɪɟɞɟɥɟɧɢɸ ɲɢɪɢɧɵ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ Eg ɩɪɨɜɟɞɟɧɵ ɧɚ ɩɥɟɧɤɚɯ CIGSe, 

ɨɛɥɭɱɟɧɧɵɯ ɢɨɧɚɦɢ ɜɨɞɨɪɨɞɚ ɫ ɷɧɟɪɝɢɹɦɢ 2.5, 5 ɢ 10 ɤɷȼ ɞɨɡɨɣ 3 · 1015 ɫɦ–2. ɗɤɫɩɟɪɢɦɟɧɬɵ ɩɨɤɚɡɵ-

ɜɚɸɬ, ɱɬɨ ɡɧɚɱɟɧɢɟ Eg ɞɥɹ ɨɛɥɭɱɟɧɧɵɯ ɩɥɟɧɨɤ ɧɟ ɢɡɦɟɧɹɟɬɫɹ. ɗɬɨ ɨɛɭɫɥɨɜɥɟɧɨ ɬɟɦ, ɱɬɨ ɩɪɨɛɟɝɢ ɢɨ-

ɧɨɜ H+ ɫ ɷɧɟɪɝɢɹɦɢ 2.5, 5 ɢ 10 ɤɷȼ ɫɨɫɬɚɜɥɹɸɬ ~70, 120 ɢ 200 ɧɦ ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɪɚɫɱɟɬɚɦɢ ɩɨ ɩɪɨ-
ɝɪɚɦɦɟ TRIM [24] ɢ ɢɨɧɧɨ-ɢɧɞɭɰɢɪɨɜɚɧɧɵɟ ɞɟɮɟɤɬɵ ɨɛɪɚɡɭɸɬɫɹ ɬɨɥɶɤɨ ɜ ɩɪɢɩɨɜɟɪɯɧɨɫɬɧɨɣ ɨɛɥɚɫ-
ɬɢ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɣ ɝɥɭɛɢɧɟ ɩɪɨɛɟɝɚ ɢɨɧɨɜ ɜɨɞɨɪɨɞɚ. Ɉɫɧɨɜɧɚɹ ɨɛɴɟɦɧɚɹ ɱɚɫɬɶ ɩɥɟɧɤɢ ɩɪɢ ɟɟ ɬɨɥ-
ɳɢɧɟ 1.4 ɦɤɦ ɨɫɬɚɟɬɫɹ ɧɟɩɨɜɪɟɠɞɟɧɧɨɣ, ɢ ɩɨɝɥɨɳɟɧɢɟ ɫɜɟɬɚ ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɫɟɣ ɬɨɥɳɢɧɨɣ ɩɥɟɧɤɢ. 
ɇɟɨɛɯɨɞɢɦɨ ɨɬɦɟɬɢɬɶ , ɱɬɨ ɧɚɣɞɟɧɧɨɟ ɡɧɚɱɟɧɢɟ Eg ~ 1.19 ɷȼ ɞɥɹ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ CIGSe 
ɭɞɨɜɥɟɬɜɨ-ɪɢɬɟɥɶɧɨ ɫɨɝɥɚɫɭɟɬɫɹ ɫ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦɢ ɞɚɧɧɵɦɢ ɨɩɬɢɱɟɫɤɢɯ ɢɡɦɟɪɟɧɢɣ, 
ɩɨɥɭɱɟɧɧɵɦɢ ɪɚɧɟɟ ɞɥɹ ɬɨɧɤɢɯ ɩɥɟɧɨɤ ɫɨɫɬɚɜɚ ɯ ~ 0.25—0.28 [25—27]. 
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Ɋɢɫ. 2. ɋɩɟɤɬɪɵ ɨɩɬɢɱɟɫɤɨɝɨ ɩɪɨɩɭɫɤɚɧɢɹ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 4.2 Ʉ (ɚ) ɢ ɡɚɜɢɫɢɦɨɫɬɶ  
ɩɚɪɚɦɟɬɪɚ ( hȞ)2 ɨɬ ɷɧɟɪɝɢɢ ɮɨɬɨɧɨɜ (ɛ) ɞɥɹ ɬɨɧɤɢɯ ɩɥɟɧɨɤ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ CIGSe 

 
ɇɚ ɪɢɫ. 3 ɩɨɤɚɡɚɧɵ ɫɩɟɤɬɪɵ ɎɅ ɧɟɨɛɥɭɱɟɧɧɨɣ ɢ ɨɛɥɭɱɟɧɧɵɯ ɩɥɟɧɨɤ CIGSe, ɡɚɪɟɝɢɫɬɪɢɪɨɜɚɧɧɵɟ 

ɩɪɢ 20 Ʉ ɢ ɧɢɡɤɨɦ ɭɪɨɜɧɟ ɜɨɡɛɭɠɞɟɧɢɹ ~3 ȼɬ/ɫɦ2 ɢɡɥɭɱɟɧɢɟɦ ɥɚɡɟɪɚ ɫ = 532 ɧɦ. Ʉɚɤ ɜɢɞɧɨ, ɜ ɫɩɟɤ-
ɬɪɟ ɎɅ ɧɟɨɛɥɭɱɟɧɧɨɣ ɩɥɟɧɤɢ ɩɪɢɫɭɬɫɬɜɭɟɬ ɲɢɪɨɤɚɹ ɩɨɥɨɫɚ ɫ ɦɚɤɫɢɦɭɦɨɦ ɩɪɢ 1.14 ɷȼ ɩɨɥɭɲɢɪɢɧɨɣ 
~60 ɦɷȼ. ɗɬɚ ɩɨɥɨɫɚ ɫɦɟɳɟɧɚ ɜ ɫɬɨɪɨɧɭ ɦɟɧɶɲɢɯ ɷɧɟɪɝɢɣ ɧɚ 55 ɦɷȼ ɨɬ ɤɪɚɹ ɮɭɧɞɚɦɟɧɬɚɥɶɧɨɝɨ ɩɨ-
ɝɥɨɳɟɧɢɹ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ CIGSe ɢ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɬɚɤ ɧɚɡɵɜɚɟɦɨɣ “ɛɥɢɡɤɪɚɟɜɨɣ” ɢɡɥɭɱɚɬɟɥɶɧɨɣ 
ɪɟɤɨɦɛɢɧɚɰɢɢ [28]. ɉɪɟɞɩɨɥɚɝɚɟɦ, ɱɬɨ ɩɨɥɨɫɚ ɫɜɹɡɚɧɚ ɫ ɷɥɟɤɬɪɨɧɧɵɦɢ ɩɟɪɟɯɨɞɚɦɢ ɢɡ ɡɨɧɵ ɩɪɨɜɨɞɢ- 
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ɦɨɫɬɢ ɜ ɯɜɨɫɬɵ ɚɤɰɟɩɬɨɪɧɵɯ ɫɨɫɬɨɹɧɢɣ ɜɛɥɢɡɢ ɜɚɥɟɧɬɧɨɣ ɡɨɧɵ [29]. ɗɬɨɬ ɦɟɯɚɧɢɡɦ ɢɡɥɭɱɚɬɟɥɶɧɨɣ 
ɪɟɤɨɦɛɢɧɚɰɢɢ ɜɨɡɧɢɤɚɟɬ ɜ ɬɨɧɤɢɯ ɩɥɟɧɤɚɯ CIGSe ɪ -ɬɢɩɚ ɩɪɨɜɨɞɢɦɨɫɬɢ ɩɪɢ ɨɬɧɨɫɢɬɟɥɶɧɨ ɜɵɫɨɤɨɦ 
ɭɪɨɜɧɟ ɥɟɝɢɪɨɜɚɧɢɹ (~1017—1018 ɫɦ–3) ɢ ɨɛɭɫɥɨɜɥɟɧ ɧɚɥɢɱɢɟɦ ɫɨɛɫɬɜɟɧɧɵɯ ɞɟɮɟɤɬɨɜ ɫɬɪɭɤɬɭɪɵ, ɨɛ-
ɪɚɡɭɸɳɢɯɫɹ ɢɡ-ɡɚ ɨɬɤɥɨɧɟɧɢɹ ɫɨɫɬɚɜɚ ɨɬ ɢɞɟɚɥɶɧɨɣ ɫɬɟɯɢɨɦɟɬɪɢɢ ɩɪɢ ɜɵɪɚɳɢɜɚɧɢɢ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨ-ɪɨɜ. 

Ʉɚɤ ɜɢɞɧɨ ɢɡ ɪɢɫ. 3, ɞɥɹ ɩɥɟɧɨɤ, ɨɛɥɭɱɟɧɧɵɯ ɩɪɨɬɨɧɚɦɢ ɫ ɷɧɟɪɝɢɟɣ 2.5 ɤɷȼ ɞɨɡɨɣ 3 · 1015 ɫɦ–2, 
ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɩɨɥɨɫɵ ɜɨɡɪɚɫɬɚɟɬ ɩɨɱɬɢ ɜ ɱɟɬɵɪɟ ɪɚɡɚ, ɨɧɚ ɫɦɟɳɚɟɬɫɹ ɜ ɨɛɥɚɫɬɶ ɜɵɫɨɤɢɯ ɷɧɟɪɝɢɣ ɢ ɟɟ 
ɩɨɥɭɲɢɪɢɧɚ ɡɧɚɱɢɬɟɥɶɧɨ ɭɦɟɧɶɲɚɟɬɫɹ ɞɨ ~43 ɦɷȼ. Ⱦɚɥɶɧɟɣɲɟɟ ɩɨɜɵɲɟɧɢɟ ɷɧɟɪɝɢɢ ɩɪɨɬɨɧɨɜ ɩɪɢ-ɜɨɞɢɬ ɤ 
ɫɧɢɠɟɧɢɸ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɩɨɥɨɫ , ɢɯ ɫɦɟɳɟɧɢɸ ɜ ɨɛɥɚɫɬɶ ɧɢɡɤɢɯ ɷɧɟɪɝɢɣ ~1.14 ɷȼ ɢ ɭɜɟɥɢɱɟ-ɧɢɸ 
ɩɨɥɭɲɢɪɢɧɵ ɞɨ 49 ɦɷȼ ɞɥɹ 5 ɤɷȼ ɢ ~1.13 ɷȼ ɢ ~53 ɦɷȼ ɞɥɹ 10 ɤɷȼ. ɉɪɢ ɷɬɨɦ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɛɥɢɡɤɪɚɟɜɨɣ 
ɩɨɥɨɫɵ ɜ ɨɛɥɭɱɟɧɧɵɯ ɩɥɟɧɤɚɯ ɨɫɬɚɟɬɫɹ ɜɫɟɝɞɚ ɛɨɥɶɲɟ, ɚ ɟɟ ɩɨɥɭɲɢɪɢɧɚ ɦɟɧɶɲɟ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ 
ɧɟɨɛɥɭɱɟɧɧɨɣ ɩɥɟɧɤɨɣ CIGSe (ɪɢɫ. 3). ɍɜɟɥɢɱɟɧɢɟ ɢɧɬɟɧɫɢɜɧɨɫɬɢ, ɢɡɦɟɧɟɧɢɟ ɷɧɟɪɝɟɬɢ-ɱɟɫɤɨɝɨ 
ɩɨɥɨɠɟɧɢɹ ɢ ɩɨɥɭɲɢɪɢɧ ɩɨɥɨɫ ɛɥɢɡɤɪɚɟɜɨɣ ɥɸɦɢɧɟɫɰɟɧɰɢɢ ɩɨɫɥɟ ɨɛɥɭɱɟɧɢɹ ɫɜɹɡɚɧɵ ɫ ɩɪɨ-ɹɜɥɟɧɢɟɦ 
ɷɮɮɟɤɬɚ ɩɚɫɫɢɜɚɰɢɢ ɜɧɟɞɪɟɧɧɵɦɢ ɢɨɧɚɦɢ ɜɨɞɨɪɨɞɚ ɩɨɜɟɪɯɧɨɫɬɧɵɯ ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɫɨ-ɫɬɨɹɧɢɣ, ɝɪɚɧɢɰ 
ɩɨɥɢɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɡɟɪɟɧ ɢ ɞɟɮɟɤɬɨɜ ɫɬɪɭɤɬɭɪɵ ɬɨɧɤɢɯ ɩɥɟɧɨɤ. ɇɚɢɛɨɥɶɲɢɣ ɷɮ-ɮɟɤɬ ɯɚɪɚɤɬɟɪɟɧ ɞɥɹ 
ɢɨɧɨɜ ɜɨɞɨɪɨɞɚ ɫ ɷɧɟɪɝɢɟɣ 2.5 ɤɷȼ. Ɇɨɠɧɨ ɭɬɜɟɪɠɞɚɬɶ, ɱɬɨ ɨɛɥɭɱɟɧɢɟ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ CIGSe ɢɨɧɚɦɢ 
ɜɨɞɨɪɨɞɚ ɩɪɢɜɨɞɢɬ ɤ ɨɛɪɚɡɨɜɚɧɢɸ ɪɚɞɢɚɰɢɨɧɧɵɯ ɞɟɮɟɤɬɨɜ ɜ ɤɪɢɫɬɚɥɥɢɱɟ-ɫɤɨɣ ɪɟɲɟɬɤɟ ɢ ɩɚɫɫɢɜɚɰɢɢ 
ɫɭɳɟɫɬɜɭɸɳɢɯ ɪɨɫɬɨɜɵɯ ɞɟɮɟɤɬɨɜ. ɉɪɢ ɷɬɨɦ ɢɡ-ɡɚ ɷɮɮɟɤɬɚ ɩɚɫɫɢɜɚɰɢɢ ɡɚɪɹɠɟɧɧɵɯ ɞɟɮɟɤɬɨɜ ɩɪɢ 
ɢɦɩɥɚɧɬɚɰɢɢ ɜɨɞɨɪɨɞɚ ɜ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɪɟɲɟɬɤɟ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ ɭɦɟɧɶɲɚɸɬɫɹ ɚɦɩɥɢɬɭɞɵ 
ɮɥɭɤɬɭɚɰɢɣ ɩɨɬɟɧɰɢɚɥɚ ɢ ɩɨɞɚɜɥɹɸɬɫɹ ɤɚɧɚɥɵ ɛɟɡɵɡɥɭɱɚɬɟɥɶɧɨɣ ɪɟɤɨɦɛɢ-ɧɚɰɢɢ ɧɟɪɚɜɧɨɜɟɫɧɵɯ 
ɧɨɫɢɬɟɥɟɣ ɡɚɪɹɞɚ, ɱɬɨ ɩɪɢɜɨɞɢɬ ɤ ɭɜɟɥɢɱɟɧɢɸ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɢ ɭɦɟɧɶɲɟɧɢɸ ɩɨɥɭɲɢɪɢɧɵ ɩɨɥɨɫɵ 
ɛɥɢɡɤɪɚɟɜɨɣ ɎɅ. Ɉɞɧɚɤɨ ɩɪɢ ɩɨɜɵɲɟɧɢɢ ɷɧɟɪɝɢɢ ɩɪɨɬɨɧɨɜ ɨɛɪɚɡɭɸɬɫɹ ɧɨɜɵɟ ɛɟɡɵɡɥɭɱɚɬɟɥɶɧɵɟ 
ɪɚɞɢɚɰɢɨɧɧɵɟ ɞɟɮɟɤɬɵ ɢ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɎɅ ɩɚɞɚɟɬ (ɤɪɢɜɵɟ 3, 4). 
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Ɋɢɫ. 3. ɋɩɟɤɬɪɵ ɮɨɬɨɥɸɦɢɧɟɫɰɟɧɰɢɢ ɩɪɢ 20 Ʉ ɧɟɨɛɥɭɱɟɧɧɨɣ (1) ɢ ɨɛɥɭɱɟɧɧɵɯ ɩɪɨɬɨɧɚɦɢ ɫ ɷɧɟɪɝɢɟɣ 
2.5 (2), 5 (3) ɢ 10 ɤɷȼ (4) ɬɨɧɤɢɯ ɩɥɟɧɨɤ CIGSe ɩɪɢ ɜɨɡɛɭɠɞɟɧɢɢ ɧɟɩɪɟɪɵɜɧɵɦ ɥɚɡɟɪɧɵɦ ɢɡɥɭɱɟɧɢɟɦ 

ɧɚ ɞɥɢɧɟ ɜɨɥɧɵ 532 ɧɦ 
 

ɇɨɜɵɟ ɷɮɮɟɤɬɵ ɨɛɧɚɪɭɠɟɧɵ ɜ ɬɨɧɤɢɯ ɩɥɟɧɤɚɯ CIGSe ɩɪɢ ɫɨɡɞɚɧɢɢ ɧɟɪɚɜɧɨɜɟɫɧɵɯ ɧɨɫɢɬɟɥɟɣ  
ɡɚɪɹɞɚ ɢɦɩɭɥɶɫɧɵɦ ɢɡɥɭɱɟɧɢɟɦ ɚɡɨɬɧɨɝɨ ɥɚɡɟɪɚ ɫ = 337.1 ɧɦ ɩɪɢ ɪɚɡɧɵɯ ɩɥɨɬɧɨɫɬɹɯ ɦɨɳɧɨɫɬɢ ɜ 
ɞɢɚɩɚɡɨɧɟ 5—100 ɤȼɬ/ɫɦ2. ɇɚ ɪɢɫ. 4 ɩɪɟɞɫɬɚɜɥɟɧɵ ɫɩɟɤɬɪɵ ɎɅ ɧɟɨɛɥɭɱɟɧɧɨɣ ɢ ɨɛɥɭɱɟɧɧɵɯ ɩɪɨɬɨ-
ɧɚɦɢ ɬɨɧɤɢɯ ɩɥɟɧɨɤ CIGSe, ɡɚɪɟɝɢɫɬɪɢɪɨɜɚɧɧɵɟ ɩɪɢ 20 Ʉ ɩɪɢ ɜɵɫɨɤɨɦ ɭɪɨɜɧɟ ɥɚɡɟɪɧɨɝɨ ɢɦɩɭɥɶɫɧɨ-
ɝɨ ɢɡɥɭɱɟɧɢɹ. ɉɪɢ ɦɚɥɵɯ ɭɪɨɜɧɹɯ ɜɨɡɛɭɠɞɟɧɢɹ ~5 ɤȼɬ/ɫɦ2 ɜ ɫɩɟɤɬɪɚɯ ɎɅ ɧɟɨɛɥɭɱɟɧɧɨɣ ɩɥɟɧɤɢ ɩɪɢ-
ɫɭɬɫɬɜɭɟɬ ɲɢɪɨɤɚɹ ɩɨɥɨɫɚ ɫ ɦɚɤɫɢɦɭɦɨɦ ~1.17 ɷȼ ɩɨɥɭɲɢɪɢɧɨɣ ~60 ɦɷȼ (ɪɢɫ. 4, ɚ). Ɉɛɪɚɳɚɟɬ ɧɚ 
ɫɟɛɹ ɜɧɢɦɚɧɢɟ ɫɢɥɶɧɨɟ (ɧɚ 34 ɦɷȼ) ɫɦɟɳɟɧɢɟ ɷɬɨɣ ɛɥɢɡɤɪɚɟɜɨɣ ɩɨɥɨɫɵ ɎɅ ɜ ɜɵɫɨɤɨɷɧɟɪɝɟɬɢɱɟɫɤɭɸ 
ɨɛɥɚɫɬɶ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɟɟ ɩɨɥɨɠɟɧɢɟɦ ~1.14 ɷȼ ɩɪɢ ɧɢɡɤɨɦ ɭɪɨɜɧɟ ɜɨɡɛɭɠɞɟɧɢɹ ~3 ȼɬ/ɫɦ2 ɧɟɩɪɟ-

ɪɵɜɧɵɦ ɥɚɡɟɪɧɵɦ ɢɡɥɭɱɟɧɢɟɦ (ɪɢɫ. 3). ɋ ɪɨɫɬɨɦ ɭɪɨɜɧɹ ɜɨɡɛɭɠɞɟɧɢɹ ɨɬ 5 ɤȼɬ/ɫɦ2 ɦɚɤɫɢɦɭɦ ɢɧɬɟɧ-
ɫɢɜɧɨɫɬɢ ɎɅ ɫɦɟɳɚɟɬɫɹ ɜ ɜɵɫɨɤɨɷɧɟɪɝɟɬɢɱɟɫɤɭɸ ɨɛɥɚɫɬɶ ɢ ɧɚ ɮɨɧɟ ɩɨɥɨɫɵ ɎɅ ɧɚɱɢɧɚɟɬ ɩɪɨɹɜɥɹɬɶ-
ɫɹ ɭɡɤɚɹ ɩɨɥɨɫɚ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɚɹ ɫɬɢɦɭɥɢɪɨɜɚɧɧɨɦɭ ɢɡɥɭɱɟɧɢɸ (ɋɂ) ɫ ɦɚɤɫɢɦɭɦɨɦ ɜɛɥɢɡɢ ~1.18 
ɷȼ ɩɪɢ 20 ɤȼɬ/ɫɦ2, ɤɨɬɨɪɚɹ ɜ ɞɚɥɶɧɟɣɲɟɦ ɫɭɠɚɟɬɫɹ ɞɨ ~7 ɦɷȼ ɢ ɧɟɡɧɚɱɢɬɟɥɶɧɨ (ɧɚ 3 ɦɷȼ) ɫɦɟ-ɳɚɟɬɫɹ 
ɜ ɧɢɡɤɨɷɧɟɪɝɟɬɢɱɟɫɤɭɸ ɨɛɥɚɫɬɶ ɩɪɢ 100 ɤȼɬ/ɫɦ2. ɇɟɨɛɯɨɞɢɦɨ ɨɬɦɟɬɢɬɶ ɮɚɤɬɵ ɧɟɥɢɧɟɣɧɨɝɨ 
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ɭɦɟɧɶɲɟɧɢɹ ɩɨɥɭɲɢɪɢɧɵ ɩɨɥɨɫɵ ɎɅ ɨɬ 60 ɞɨ 7 ɦɷȼ ɢ ɟɟ ɧɟɥɢɧɟɣɧɨɝɨ ɫɦɟɳɟɧɢɹ ɜ ɜɵɫɨɤɨɷɧɟɪɝɟɬɢ-
ɱɟɫɤɭɸ ɨɛɥɚɫɬɶ ɫ ɞɨɫɬɢɠɟɧɢɟɦ ɦɚɤɫɢɦɭɦɚ ɜ ɨɛɥɚɫɬɢ ɷɧɟɪɝɢɣ ~1.18 ɷȼ ɩɪɢ 20 ɤȼɬ/ɫɦ2, ɚ ɬɚɤɠɟ ɧɟɥɢ-
ɧɟɣɧɨɝɨ ɭɜɟɥɢɱɟɧɢɹ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɛɨɥɟɟ ɱɟɦ ɧɚ ɬɪɢ ɩɨɪɹɞɤɚ ɜ ɞɢɚɩɚɡɨɧɟ ɩɥɨɬɧɨɫɬɟɣ ɦɨɳɧɨɫɬɢ 5—
100 ɤȼɬ/ɫɦ2.  

Ʉɚɤ ɜɢɞɧɨ ɧɚ ɪɢɫ. 4, ɛ, ɩɨɥɨɫɚ ɋɂ ɧɚɛɥɸɞɚɟɬɫɹ ɬɚɤɠɟ ɜ ɫɩɟɤɬɪɚɯ ɎɅ ɩɥɟɧɨɤ CIGSe, ɨɛɥɭɱɟɧɧɵɯ 
ɩɪɨɬɨɧɚɦɢ ɫ ɷɧɟɪɝɢɟɣ ~2.5 ɤɷȼ, ɨɞɧɚɤɨ ɟɟ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɜ 4 ɪɚɡɚ ɦɟɧɶɲɟ, ɚ ɩɨɥɭɲɢɪɢɧɚ ɜ 1.5 ɪɚɡɚ 
ɛɨɥɶɲɟ ɩɪɢ ɩɥɨɬɧɨɫɬɢ ɦɨɳɧɨɫɬɢ ɜɨɡɛɭɠɞɟɧɢɹ ~100 ɤȼɬ/ɫɦ2, ɱɟɦ ɞɥɹ ɧɟɨɛɥɭɱɟɧɧɨɣ ɩɥɟɧɤɢ ɩɪɢ ɬɚ-
ɤɨɦ ɠɟ ɭɪɨɜɧɟ ɜɨɡɛɭɠɞɟɧɢɹ. ɉɪɢ ɷɬɨɦ ɩɨɥɭɲɢɪɢɧɚ ɩɨɥɨɫɵ ɎɅ ɜ ɞɢɚɩɚɡɨɧɟ ɭɪɨɜɧɟɣ ɜɨɡɛɭɠɞɟɧɢɹ 
5—100 ɤȼɬ/ɫɦ2 ɭɦɟɧɶɲɚɟɬɫɹ ɫ 64 ɞɨ 11 ɦɷȼ . ɗɤɫɩɟɪɢɦɟɧɬɵ ɩɨɤɚɡɵɜɚɸɬ, ɱɬɨ ɦɚɤɫɢɦɭɦ ɩɨɥɨɫɵ ɋɂ 

ɧɚɯɨɞɢɬɫɹ ɩɪɢ ~1.18 ɷȼ ɜ ɨɛɥɭɱɟɧɧɨɣ ɩɥɟɧɤɟ ɢ ɞɨɫɬɢɝɚɟɬɫɹ ɩɪɢ ɭɪɨɜɧɟ ɜɨɡɛɭɠɞɟɧɢɹ ~20 ɤȼɬ/ɫɦ2, ɱɬɨ 
ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɞɚɧɧɵɦ ɞɥɹ ɧɟɨɛɥɭɱɟɧɧɨɣ ɩɥɟɧɤɢ. ɂɡɦɟɧɟɧɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɩɨɥɨɫɵ ɋɂ ɩɨɫɥɟ ɩɪɨ-
ɬɨɧɧɨɝɨ ɨɛɥɭɱɟɧɢɹ ɨɛɭɫɥɨɜɥɟɧɨ ɨɛɪɚɡɨɜɚɧɢɟɦ ɢɨɧɧɨ-ɢɧɞɭɰɢɪɨɜɚɧɧɵɯ ɞɟɮɟɤɬɨɜ, ɩɨɧɢɠɟɧɢɟɦ ɤɚɱɟ-
ɫɬɜɚ ɫɬɪɭɤɬɭɪɵ ɩɥɟɧɨɤ ɢ ɩɨɹɜɥɟɧɢɟɦ ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ ɤɚɧɚɥɨɜ ɛɟɡɵɡɥɭɱɚɬɟɥɶɧɨɣ ɪɟɤɨɦɛɢɧɚɰɢɢ. 
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Ɋɢɫ. 4. ɋɩɟɤɬɪɵ ɮɨɬɨɥɸɦɢɧɟɫɰɟɧɰɢɢ ɩɪɢ 20 Ʉ ɧɟɨɛɥɭɱɟɧɧɨɣ (ɚ) ɢ ɨɛɥɭɱɟɧɧɵɯ ɩɪɨɬɨɧɚɦɢ  

ɫ ɷɧɟɪɝɢɟɣ 2.5 (ɛ), 5 (ɜ) ɢ 10 ɤɷȼ (ɝ) ɬɨɧɤɢɯ ɩɥɟɧɨɤ CIGSe ɩɪɢ ɜɨɡɛɭɠɞɟɧɢɢ ɢɡɥɭɱɟɧɢɟɦ 
ɚɡɨɬɧɨɝɨ ɥɚɡɟɪɚ ɫ ɩɥɨɬɧɨɫɬɶɸ ɦɨɳɧɨɫɬɢ 5—100 ɤȼɬ/ɫɦ2 

 
ɇɚɢɛɨɥɟɟ ɨɬɱɟɬɥɢɜɨ ɭɜɟɥɢɱɟɧɢɟ ɤɨɧɰɟɧɬɪɚɰɢɢ ɢɨɧɧɨ -ɢɧɞɭɰɢɪɨɜɚɧɧɵɯ ɞɟɮɟɤɬɨɜ ɩɪɨɹɜɥɹɟɬɫɹ ɜ 

ɫɩɟɤɬɪɚɯ ɎɅ ɩɥɟɧɨɤ, ɨɛɥɭɱɟɧɧɵɯ ɩɪɨɬɨɧɚɦɢ ɫ ɷɧɟɪɝɢɟɣ 5 ɢ 10 ɤɷȼ (ɪɢɫ. 4, ɜ ɢ ɝ). ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɋɂ ɧɟ 
ɭɞɚɥɨɫɶ ɨɛɧɚɪɭɠɢɬɶ. Ʉɚɤ ɜɢɞɧɨ ɢɡ ɪɢɫ. 4, ɜ ɢ ɝ, ɜ ɫɩɟɤɬɪɚɯ ɎɅ ɩɪɢ ɩɥɨɬɧɨɫɬɢ ɦɨɳɧɨɫɬɢ ɜɨɡɛɭɠ-ɞɟɧɢɹ 
~100 ɤȼɬ/ɫɦ2 ɧɚɛɥɸɞɚɸɬɫɹ ɬɨɥɶɤɨ ɲɢɪɨɤɢɟ ɩɨɥɨɫɵ ɩɨɥɭɲɢɪɢɧɨɣ ~49 ɢ 59 ɦɷȼ ɫ ɦɚɤɫɢɦɭɦɚɦɢ ɜɛɥɢɡɢ 
~1.18 ɢ 1.77 ɷȼ ɞɥɹ ɩɥɟɧɨɤ CIGSe, ɨɛɥɭɱɟɧɧɵɯ ɩɪɨɬɨɧɚɦɢ ɫ ɷɧɟɪɝɢɟɣ 5 ɢ 10 ɤɷȼ. Ɉɱɟɜɢɞɧɨ, ɱɬɨ 
ɩɨɜɵɲɟɧɢɟ ɷɧɟɪɝɢɢ ɩɪɨɬɨɧɨɜ ɩɪɢɜɨɞɢɬ ɤ ɫɭɳɟɫɬɜɟɧɧɨɦɭ ɪɨɫɬɭ ɤɨɧɰɟɧɬɪɚɰɢɢ ɪɚɞɢɚɰɢɨɧɧɵɯ ɞɟ-ɮɟɤɬɨɜ ɢ 
ɭɫɢɥɟɧɢɸ ɜɥɢɹɧɢɹ ɮɥɭɤɬɭɚɰɢɣ ɩɨɬɟɧɰɢɚɥɚ ɢ, ɤɚɤ ɫɥɟɞɫɬɜɢɟ, ɤ ɡɧɚɱɢɬɟɥɶɧɨɦɭ ɭɜɟɥɢɱɟɧɢɸ ɩɨɥɭɲɢɪɢɧ 
ɩɨɥɨɫ ɛɥɢɡɤɪɚɟɜɨɣ ɥɸɦɢɧɟɫɰɟɧɰɢɢ ɢ ɢɯ ɧɢɡɤɨɷɧɟɪɝɟɬɢɱɟɫɤɨɦɭ ɫɦɟɳɟɧɢɸ ɞɥɹ ɭɪɨɜɧɹ ɜɨɡɛɭɠɞɟɧɢɹ ~100 

ɤȼɬ/ɫɦ2. ȼ ɞɨɩɨɥɧɟɧɢɟ ɤ ɷɬɨɦɭ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɩɨɥɨɫ ɎɅ ɭɦɟɧɶɲɚɟɬɫɹ ɜ ~120  
ɢ 2000 ɪɚɡ ɞɥɹ ɩɥɟɧɨɤ CIGSe, ɨɛɥɭɱɟɧɧɵɯ ɩɪɨɬɨɧɚɦɢ ɫ ɷɧɟɪɝɢɟɣ 5 ɢ 10 ɤɷȼ, ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɧɟɨɛɥɭ-
ɱɟɧɧɨɣ ɩɥɟɧɤɨɣ. ɋɨɜɨɤɭɩɧɨɫɬɶ ɷɬɢɯ ɮɚɤɬɨɜ ɭɤɚɡɵɜɚɟɬ ɧɚ ɨɩɪɟɞɟɥɹɸɳɭɸ ɪɨɥɶ ɞɟɮɟɤɬɨɜ ɫɬɪɭɤɬɭɪɵ ɜ 
ɩɨɞɚɜɥɟɧɢɢ ɋɂ ɜ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɚɯ CIGSe. ȼɚɠɧɵɦ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦ ɪɟɡɭɥɶɬɚɬɨɦ ɹɜɥɹɟɬɫɹ 



254 ɋȼɂɌȿɇɄɈȼ ɂ. ȿ. ɢ ɞɪ. 
 
 
 
 
 
ɨɛɧɚɪɭɠɟɧɢɟ ɲɢɪɨɤɨɣ ɩɨɥɨɫɵ ɎɅ ɫ ɦɚɤɫɢɦɭɦɨɦ ~1.18 ɷȼ ɜ ɜɵɫɨɤɨɷɧɟɪɝɟɬɢɱɟɫɤɨɣ ɨɛɥɚɫɬɢ ɫɩɟɤɬɪɚ 
ɩɪɢ ɜɵɫɨɤɨɣ ɩɥɨɬɧɨɫɬɢ ɦɨɳɧɨɫɬɢ ɜɨɡɛɭɠɞɟɧɢɹ (ɪɢɫ. 4). ɉɨ ɧɚɲɟɦɭ ɦɧɟɧɢɸ, ɧɚɢɛɨɥɟɟ ɥɨɝɢɱɧɨ ɟɟ 
ɨɬɧɟɫɟɧɢɟ ɤ ɩɪɹɦɨɣ ɦɟɠɡɨɧɧɨɣ ɢɡɥɭɱɚɬɟɥɶɧɨɣ ɪɟɤɨɦɛɢɧɚɰɢɢ, ɩɨɫɤɨɥɶɤɭ ɟɟ ɷɧɟɪɝɟɬɢɱɟɫɤɨɟ ɩɨɥɨɠɟ-

ɧɢɟ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɲɢɪɢɧɟ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ Eg ~ 1.19 ɷȼ, ɨɩɪɟɞɟɥɟɧɧɨɣ ɩɨ ɞɚɧɧɵɦ ɢɡɦɟɪɟɧɢɣ ɨɩ-

ɬɢɱɟɫɤɨɝɨ ɩɨɝɥɨɳɟɧɢɹ ɢ ɩɪɨɩɭɫɤɚɧɢɹ. Ɉɬɥɢɱɢɟ ɩɨɥɨɠɟɧɢɹ ɦɚɤɫɢɦɭɦɚ ɎɅ ɨɬ ɡɧɚɱɟɧɢɹ Eg, ɫɨɫɬɚɜ-
ɥɹɸɳɟɟ ~10 ɦɷȼ, ɨɛɭɫɥɨɜɥɟɧɨ ɬɟɦ, ɱɬɨ ɜ ɧɟɨɞɧɨɪɨɞɧɨɣ ɩɥɟɧɤɟ ɢɡɥɭɱɚɬɟɥɶɧɚɹ ɪɟɤɨɦɛɢɧɚɰɢɹ ɩɪɨɢɫ-
ɯɨɞɢɬ ɩɨɫɥɟ ɥɨɤɚɥɢɡɚɰɢɢ ɧɟɪɚɜɧɨɜɟɫɧɵɯ ɧɨɫɢɬɟɥɟɣ ɡɚɪɹɞɚ ɜ ɧɚɢɛɨɥɟɟ ɭɡɤɨɡɨɧɧɵɯ ɨɛɥɚɫɬɹɯ CIGSe, 

ɬɨɝɞɚ ɤɚɤ ɜɟɥɢɱɢɧɚ Eg ɹɜɥɹɟɬɫɹ ɭɫɪɟɞɧɟɧɧɨɣ ɩɨ ɨɛɴɟɦɭ ɩɥɟɧɤɢ. ɉɪɢ ɜɵɫɨɤɨɦ ɭɪɨɜɧɟ ɜɨɡɛɭɠɞɟɧɢɹ 
ɤɨɧɰɟɧɬɪɚɰɢɹ ɫɨɡɞɚɧɧɵɯ ɧɟɪɚɜɧɨɜɟɫɧɵɯ ɧɨɫɢɬɟɥɟɣ ɡɚɪɹɞɚ ɡɧɚɱɢɬɟɥɶɧɨ ɜɵɲɟ, ɱɟɦ ɤɨɧɰɟɧɬɪɚɰɢɹ ɞɟ-
ɮɟɤɬɨɜ ɢ ɞɪɭɝɢɯ ɫɬɪɭɤɬɭɪɧɵɯ ɧɚɪɭɲɟɧɢɣ. ɉɨɷɬɨɦɭ ɜ ɩɪɹɦɨɡɨɧɧɵɯ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɚɯ ɩɪɨɢɫɯɨɞɢɬ 
ɧɚɫɵɳɟɧɢɟ ɢɨɧɧɨ-ɢɧɞɭɰɢɪɨɜɚɧɧɵɯ ɞɟɮɟɤɬɨɜ ɧɟɪɚɜɧɨɜɟɫɧɵɦɢ ɧɨɫɢɬɟɥɹɦɢ ɡɚɪɹɞɚ. ɉɪɢ ɭɪɨɜɧɹɯ ɜɨɡ-

ɛɭɠɞɟɧɢɹ >20 ɤȼɬ/ɫɦ2 ɧɚɢɛɨɥɟɟ ɜɟɪɨɹɬɧɚ ɪɟɚɥɢɡɚɰɢɹ ɦɟɯɚɧɢɡɦɚ ɪɟɤɨɦɛɢɧɚɰɢɢ ɜ ɷɥɟɤɬɪɨɧɧɨ-ɞɵɪɨɱ-
ɧɨɣ ɩɥɚɡɦɟ. ȼ ɷɬɨɦ ɫɥɭɱɚɟ, ɤɚɤ ɢɡɜɟɫɬɧɨ, ɞɨɥɠɧɨ ɧɚɛɥɸɞɚɬɶɫɹ ɫɧɢɠɟɧɢɟ ɷɧɟɪɝɢɢ ɩɨɥɨɫɵ ɋɂ, ɱɬɨ ɨɬ-

ɱɟɬɥɢɜɨ ɜɢɞɧɨ ɢɡ ɫɩɟɤɬɪɨɜ ɎɅ ɞɥɹ ɩɥɨɬɧɨɫɬɢ ɦɨɳɧɨɫɬɢ ɜɨɡɛɭɠɞɟɧɢɹ 33 ɤȼɬ/ɫɦ2, ɜ ɤɚɱɟɫɬɜɟ ɩɨɞ-
ɬɜɟɪɠɞɟɧɢɹ ɫɭɳɟɫɬɜɨɜɚɧɢɹ ɦɟɯɚɧɢɡɦɚ ɪɟɤɨɦɛɢɧɚɰɢɢ ɜ ɷɥɟɤɬɪɨɧɧɨ-ɞɵɪɨɱɧɨɣ ɩɥɚɡɦɟ ɜ ɬɜɟɪɞɵɯ ɪɚɫ-
ɬɜɨɪɚɯ CIGSe.  

Ɂɚɤɥɸɱɟɧɢɟ. ɂɫɫɥɟɞɨɜɚɧɵ ɫɬɢɦɭɥɢɪɨɜɚɧɧɨɟ ɢɡɥɭɱɟɧɢɟ, ɨɩɬɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɢ ɫɬɪɭɤɬɭɪɧɵɟ ɯɚ-
ɪɚɤɬɟɪɢɫɬɢɤɢ ɧɟɨɛɥɭɱɟɧɧɨɣ ɢ ɨɛɥɭɱɟɧɧɵɯ ɩɪɨɬɨɧɚɦɢ ɫ ɷɧɟɪɝɢɹɦɢ 2.5, 5 ɢ 10 ɤɷȼ ɞɨɡɨɣ 3 · 1015 ɫɦ–2 
ɬɨɧɤɢɯ ɩɥɟɧɨɤ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ CuIn1–xGaxSe2 (x ~ 0.25—0.28, Eg ~ 1.19 ɷȼ, ɩɨɫɬɨɹɧɧɵɟ ɪɟɲɟɬɤɢ  
a ~ 5.727 Å ɢ c ~ 11.44 Å) ɩɪɢ ɜɨɡɛɭɠɞɟɧɢɢ ɧɟɩɪɟɪɵɜɧɵɦ (Iɜɨɡɛ ~ 3 ȼɬ/ɫɦ2) ɢ ɢɦɩɭɥɶɫɧɵɦ ( ɢɦɩ = 8 

ɧɫ, Iɜɨɡɛ ~ 5—100 ɤȼɬ/ɫɦ2) ɥɚɡɟɪɧɵɦ ɢɡɥɭɱɟɧɢɟɦ. Ɉɛɧɚɪɭɠɟɧɵ ɡɧɚɱɢɬɟɥɶɧɵɣ ɜɵɫɨɤɨɷɧɟɪɝɟɬɢɱɟɫɤɢɣ  
ɫɞɜɢɝ ɫɩɟɤɬɪɚ ɢɡɥɭɱɟɧɢɹ, ɨɛɭɫɥɨɜɥɟɧɧɵɣ ɡɚɩɨɥɧɟɧɢɟɦ ɧɟɪɚɜɧɨɜɟɫɧɵɦɢ ɧɨɫɢɬɟɥɹɦɢ ɡɚɪɹɞɚ ɥɨɤɚɥɢɡɨ-
ɜɚɧɧɵɯ ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɫɨɫɬɨɹɧɢɣ ɫ ɦɚɥɨɣ ɩɥɨɬɧɨɫɬɶɸ, ɚ ɬɚɤɠɟ ɪɟɡɤɨɟ ɜɨɡɪɚɫɬɚɧɢɟ ɢɧɬɟɧɫɢɜɧɨɫɬɢ  
ɢ ɫɭɠɟɧɢɟ ɫɩɟɤɬɪɚ ɢɡɥɭɱɟɧɢɹ ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɭɪɨɜɧɹ ɢɦɩɭɥɶɫɧɨɝɨ ɜɨɡɛɭɠɞɟɧɢɹ, ɱɬɨ ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ 
ɨ ɩɨɹɜɥɟɧɢɢ ɫɬɢɦɭɥɢɪɨɜɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢɹ ɜ ɧɟɨɛɥɭɱɟɧɧɨɣ ɢ ɨɛɥɭɱɟɧɧɨɣ ɩɪɨɬɨɧɚɦɢ ɫ ɷɧɟɪɝɢɟɣ 2.5 

ɤɷȼ ɩɥɟɧɤɚɯ ɩɪɢ ɭɪɨɜɧɹɯ ɜɨɡɛɭɠɞɟɧɢɹ >20 ɤȼɬ/ɫɦ2, ɨɛɭɫɥɨɜɥɟɧɧɨɝɨ ɪɟɤɨɦɛɢɧɚɰɢɟɣ ɧɟɪɚɜɧɨɜɟɫ-ɧɵɯ 
ɧɨɫɢɬɟɥɟɣ ɡɚɪɹɞɚ ɜ ɷɥɟɤɬɪɨɧɧɨ-ɞɵɪɨɱɧɨɣ ɩɥɚɡɦɟ. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɩɪɨɹɜɥɟɧɢɟ ɫɬɢɦɭɥɢɪɨɜɚɧɧɨɝɨ 
ɢɡɥɭɱɟɧɢɹ ɫɢɥɶɧɨ ɡɚɜɢɫɢɬ ɨɬ ɫɬɟɩɟɧɢ ɞɟɮɟɤɬɧɨɫɬɢ ɬɨɧɤɢɯ ɩɥɟɧɨɤ.  

ɋɪɚɜɧɢɬɟɥɶɧɵɣ ɚɧɚɥɢɡ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ ɩɨ ɮɨɬɨɥɸɦɢɧɟɫɰɟɧɰɢɢ ɩɪɢ ɧɟɩɪɟɪɵɜɧɨɦ 
ɧɢɡɤɨɦ ~3 ȼɬ/ɫɦ2 ɢ ɜɵɫɨɤɨɦ ɢɦɩɭɥɶɫɧɨɦ ɭɪɨɜɧɟ ɜɨɡɛɭɠɞɟɧɢɹ ~5—100 ɤȼɬ/ɫɦ2 ɩɨɡɜɨɥɹɟɬ ɫɞɟɥɚɬɶ 
ɡɚɤɥɸɱɟɧɢɟ ɨ ɩɪɟɞɩɨɱɬɢɬɟɥɶɧɨɦ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɢɦɩɭɥɶɫɧɨɝɨ ɜɨɡɛɭɠɞɟɧɢɹ ɞɥɹ ɨɰɟɧɤɢ ɤɚɱɟɫɬɜɚ 
ɫɬɪɭɤɬɭɪɵ ɢ ɷɥɟɤɬɪɨɧɧɵɯ ɫɜɨɣɫɬɜ ɬɨɧɤɢɯ ɩɥɟɧɨɤ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ CIGSe. ɉɨɹɜɥɟɧɢɟ ɫɬɢɦɭɥɢɪɨ-
ɜɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢɹ ɨɛɭɫɥɨɜɥɟɧɨ ɞɨɫɬɢɠɟɧɢɟɦ ɜɵɫɨɤɨɣ ɩɥɨɬɧɨɫɬɢ ɧɟɪɚɜɧɨɜɟɫɧɵɯ ɧɨɫɢɬɟɥɟɣ ɡɚɪɹɞɚ ɢ 
ɨɛɪɚɡɨɜɚɧɢɟɦ ɷɥɟɤɬɪɨɧɧɨ-ɞɵɪɨɱɧɨɣ ɩɥɚɡɦɵ. ɉɪɨɜɟɞɟɧɧɵɟ ɷɤɫɩɟɪɢɦɟɧɬɵ ɞɟɦɨɧɫɬɪɢɪɭɸɬ ɜɵɫɨɤɭɸ 
ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɶ ɫɬɢɦɭɥɢɪɨɜɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢɹ ɤ ɫɨɞɟɪɠɚɧɢɸ ɞɟɮɟɤɬɨɜ ɫɬɪɭɤɬɭɪɵ ɜ ɬɨɧɤɢɯ ɩɥɟɧɤɚɯ 
CIGSe. ɉɨɷɬɨɦɭ ɧɚɥɢɱɢɟ ɫɬɢɦɭɥɢɪɨɜɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢɹ, ɟɝɨ ɜɵɫɨɤɚɹ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɢ ɦɚɥɚɹ ɩɨɥɭɲɢ-
ɪɢɧɚ ɩɨɥɨɫɵ ɢɡɥɭɱɟɧɢɹ ɦɨɝɭɬ ɫɥɭɠɢɬɶ ɤɪɢɬɟɪɢɟɦ ɫɬɪɭɤɬɭɪɧɨɝɨ ɫɨɜɟɪɲɟɧɫɬɜɚ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ 
CIGSe ɢ ɢɫɩɨɥɶɡɨɜɚɬɶɫɹ ɩɪɢ ɨɬɛɨɪɟ ɧɚɢɛɨɥɟɟ ɤɚɱɟɫɬɜɟɧɧɵɯ ɬɨɧɤɢɯ ɩɥɟɧɨɤ ɞɥɹ ɮɨɬɨɜɨɥɶɬɚɢɱɟɫɤɢɯ 
ɩɪɢɦɟɧɟɧɢɣ.  

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɨ ɡɚɞɚɧɢɹɦ Ƚɉɇɂ “Ɏɨɬɨɧɢɤɚ, ɨɩɬɨ- ɢ ɦɢɤɪɨɷɥɟɤɬɪɨɧɢɤɚ 2.1.01”, “ɇɚɧɨɦɚɬɟ-
ɪɢɚɥɵ ɢ ɧɚɧɨɬɟɯɧɨɥɨɝɢɢ 2.56” ɢ Ɋɨɫɫɢɣɫɤɨɝɨ ɧɚɭɱɧɨɝɨ ɮɨɧɞɚ (ɝɪɚɧɬ ʋ 17-12-01500). 

 

[1] M. A. Green, Y. Hishikawa, W. Warta, E. D. Dunlop, D. H. Levi, J. Hohl-Ebinger, A. W. Y. Ho-

Baillie. Prog. Photovolt. Res. Appl., 25, N 7 (2017) 668—676 
[2] T. Feurer, P. Reinhard, E. Avancini, B. Bissing, J. Lɨckinger, P. Fuchs, R. Carron, T. P. Weiss, J. 

Perrenond, S. Stutterheim, S. Buecheler, A. N. Tiwari. Prog. Photovolt. Res. Appl., 25, N 7 (2017) 645—
667  
[3] A. Polman, M. Knight, E. C. Garnett, B. Ehrler, W. C. Sinke. Science, 352, N 6283 (2016) aad4424 
[4] P. Jackson, R. Wuerz, D. Hariskos, E. Lotter, W. Witte, M. Powalla. Phys. Status Solidi (Rapid Res. 
Lett.), 10, N 8 (2016) 583—586  
[5] K. Yoshikawa, H. Kawasaki, W. Yoshida, T. Irie, K. Konishi, K. Nakano, T. Uto, D. Adachi, M. 

Kanematsu, H. Uzu, K. Yamamoto. Nature Energy, 2, N 5 (2016) 17032 



ɋɌɂɆɍɅɂɊɈȼȺɇɇɈȿ ɂɁɅɍɑȿɇɂȿ ɂ ɋɌɊɍɄɌɍɊɇɕȿ ɏȺɊȺɄɌȿɊɂɋɌɂɄɂ 255 
  

 

[6] C. Battagliam, A. Cuevas, S. D. Wolf. Energy Environ. Sci., 9, N 5 (2016) 1552—1576  
[7] S. Shirakata. Phys. Status Solidi B, 252, N 6 (2015) 1211—1218 
[8] Ⱥ. ȼ. Ʉɨɪɨɬɤɢɣ, Ⱥ. ȼ. Ɇɭɞɪɵɣ, Ɇ. ȼ. əɤɭɲɟɜ, Ɏ. Ʌɭɤɤɟɪɬ, Ɋ. Ɇɚɪɬɢɧ. ɀɭɪɧ. ɩɪɢɤɥ. ɫɩɟɤɬɪ., 
77, ʋ 5 (2010) 725—731 [A. V. Karotki, A. V. Mudryi, M. V. Yakushev, F. Luckert, R. Martin. J. 
Appl. Spectr., 77, N 5 (2010) 668—674]  
[9] ɇ. Ɋɟɮɚɯɚɬɢ, Ⱥ. ȼ. Ɇɭɞɪɵɣ, ȼ. Ⱦ. ɀɢɜɭɥɶɤɨ, Ɇ. ȼ. əɤɭɲɟɜ, Ɋ. Ɇɚɪɬɢɧ. ɀɭɪɧ. ɩɪɢɤɥ. ɫɩɟɤɬɪ., 
81, ʋ 3 (2014) 378—385 [N. Refahati, A. V. Mudryi, V. D. Zhivulko, M. V. Yakushev, R. Martin. J. 
Appl. Spectr., 81, N 3 (2014) 404—410] 
[10] J. Mattheis, U. Rau, J. H. Werner. J. Appl. Phys., 101, N 11 (2007) 113519 
[11] L. Gutay, G. H. Bauer. Thin Solid Films, 487, N 1-2 (2005) 8—13 
[12] H. Zachmann, S. Puttnins, M. V. Yakushev, F. Luckert, R. W. Martin, A. V. Karotki, V. F. Gre-

menok, A. V. Mudryi. Thin Solid Films, 519, N 21 (2011) 7264—7267 
[13] D. Shin, J. Kim, T. Gershon, R. Mankad, M. Hopstaken, S. Guha, B. T. Ahn, B. Shin. Sol. Energy. 
Mater. Sol. Cells, 157 (2016) 695—702  
[14] I. E. Svitsiankou, V. N. Pavlovskii, E. V. Lutsenko, G. P. Yablonskii, A. V. Mudryi, V. D. 

Zhivulko, M. V. Yakushev, R. W. Martin. J. P. Phys. D: Appl. Phys., 49, N 9 (2016) 095106 
[15] M. Moret, O. Briot, B. Gil, T. Lepetit, L. Arzel, N. Barreau. Proc. SPIE, 9358 (2015) 93581A1 
[16] A. Jasenek, U. Rau. J. Appl. Phys., 90, N 2 (2001) 650—658 
[17] B. Dimmler, M. Powalla, H. W. Schock. Prog. Photovolt. Res. Appl., 10, N 2 (2002) 149—157 
[18] T. Tinoco, C. Rincon, M. Quintero, G. Sanchez Perez. Phys. Status Solidi (a), 124, N 2 (1991) 427—434  
[19] E. J. Friedrich, R. Fernandez-Ruiz, J. M. Merino, M. Leon. Powder Diffraction, 25, N 3 (2010) 
253—257  
[20] M. Contreras, J. Tuttle, D. Du, Y. Qi, A. Swartzlander, A. Tennant, R. Noufi. Appl. Phys. Lett., 63, 
N 13 (1993) 1824—1826 
[21] E. Avancini, R. Carron, B. Bessig, P. Reinhard, R. Menozzi, G. Sozzi, S. Di Napoli, T. Feurer, S. 

Nishiwaki, S. Buecheler, A. N. Tiwari. Prog. Photovolt., 25, N 3 (2017) 233—241  
[22] H. Neumann, W. Horig, P. A. Jones, G. Lippold, H. Sobotta, R. D. Tomlinson, M. Y. Yakushev. 

Cryst. Res. Technol., 29, N 5 (1994) 719—726 
[23] J. I. Pankove. Optical Processes in Semiconductors, New Jersy, Englewood Cliffs (1971) 
[24] J. P. Biersack, L. G. Haggmark. Nucl. Instr. Meth., 174 (1980) 257—269 
[25] Ⱥ. ȼ. Ɇɭɞɪɵɣ, ȼ. Ɏ. Ƚɪɟɦɟɧɨɤ, Ⱥ. ȼ. Ʉɨɪɨɬɤɢɣ, ȼ. Ȼ. Ɂɚɥɟɫɫɤɢɣ, Ɇ. ȼ . əɤɭɲɟɜ, Ɏ. Ʌɭɤɤɟɪɬ, 
Ɋ. Ɇɚɪɬɢɧ. ɀɭɪɧ. ɩɪɢɤɥ. ɫɩɟɤɬɪ., 77, ʋ 3 (2010) 400—406 [A. V. Mudryi, V. F. Gremenok, A. V. Ka-

rotki, V. B. Zalesski, M. V. Yakushev, F. Luckert, R. Martin. J. Appl. Spectr., 77 (2010) 371—377] 
[26] G. W. El Haj Moussa, M. Ajaka, M. El. Tahchi, E. Eid, C. Linares. Phys. Status Solidi (a), 202, N 3 

(2005) 469—475  
[27] S. Theodoropoulou, D. Papadimitriou, N. Rega, S. Siebentritt, M. Ch. Lux-Steiner. Thin Solid 

Films, 511-512 (2005) 690—694 
[28] J. Krustok, H. Collan, M. Yakushev, K. Hjelt. Phys. Scripta, 79 (1999) 179—182 
[29] M. V. Yakushev, R. W. Martin, J. Krustok, A. V. Mudryi, D. Holman, H. W. Schock, R. D. Pil-

kington, A. E. Hill, R. D. Tomlinson. Thin Solid Films, 387 (2001) 201—204 


