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Recent studies of structured promising photovoltaic devices based on materials known as 
organic-inorganic perovskites (PVSKs) from the first simple compositions to complex, 
mixed with colloidal quantum dots (QDTs) structures (Quantum-dot-in-perovskite, QDiP) 
have been presented. There phase states, composition, photo-physics process, synthesis fea-
tures and topological structures designed for various optoelectronic applications have been 
investigated. In order to expand the spectral range beyond the boundaries of the visible (Vis) 
range, various perovskite material compositions have been introduced into the new infrared 
(IR, IR) techniques, including a structure with an intermediate band (IB) in the energy dia-
gram located between the valence band (VB) and the conduction band (CB). This interme-
diate zone allows absorbing radiation in a longer wavelength region, achieving a radiation 
conversion efficiency of  50 % compared to devices based on a planar p–n junction with a 
maximum efficiency of  25 %. 

Keywords: perovskites, PVSKs, colloidal quantum dots, СQDs, QDiP-structures. 

DOI: 10.51368/2307-4469-2023-11-4-320-339 

Uspekhi Prikladnoi Fiziki (Advances in Applied Physics), 2023, vol. 11, № 4 



Uspekhi Prikladnoi Fiziki (Advances in Applied Physics), 2023, vol. 11, № 4 

REFERENCES 

1. Kojima A., Teshima K., Shirai Y., Miyasaka T. /
J. Am. Chem. Soc. 131, 6050–6051 (2009).

2. Grancini G.; Roldán-Carmona C., Zimmermann I.,
Mosconi E., Lee X., Martineau D., Narbey S., Oswald F., 
Angelis F. D., Graetzel M. et al. / Nat. Commun. 8, 15684 
(2017). 

3. Akkerman Q. A., Rainò G., Kovalenko M. V.,
Manna L. / Nat. Mater. 17, 394–405 (2018). 

4. Fang Y., Dong Q., Shao Y., Yuan Y., Huang J. /
Nat. Photon. 9, 679–686 (2015). 

5. Burschka J., Pellet N., Moon S.-J., Humphry-
Baker R., Gao P., Nazeeruddin Md. K., Grätzel M. / Nature 
499, 316–319 (2013). 

6. Etgar L., Gao P., Xue Z., Peng Q., Chandriran A. K.,
Liu B., Nazeeruddin Md. K., Grätzel M. / J. Am. Chem. 
Soc. 134, 17396–17399 (2012). 

7. Jeng J.-Y., Chiang Y.-F., Lee M.-H., Peng S.-R.,
Guo T.-F., Chen P., Wen T.-C. / Adv. Mater. 25, 3727–
3732 (2013). 

8. Boltar K. O., Iakovleva N. I. / Usp. Prikl. Fiz. 11 (3),
235–261 (2023) [in Russian]. 

9. Maughan A. E., Ganose A. M., Bordelon M. M.,
Miller E. M., Scanlon D. O., Neilson J. R. / J. Am. Chem. 
Soc. 138, 8453–8464 (2016). 

10. Saparov B., Hong F., Sun J.-P., Duan H.-S.,
Meng W., Cameron S., Hill I. G., Yan Y., Mitzi D. B. / 
Chem. Mater. 27, 5622–5632 (2015). 

11. Hebig J.-C., Kühn I., Flohre J., Kirchartz T. /
ACS Energy Lett. 1, 309–314 (2016). 

12. Filip M. R., Giustino F. / J. Phys. Chem. C 120,
166–173 (2016). 

13. Nishimura K., Kamarudin M. A., Hirotani D.,
Hamada K., Shen Q., Iikubo S., Minemoto T., Yoshino K., 
Hayase S. / Nano Energy 74, 104858 (2020). 

14. Tong J., Song Z., Kim D. H., Chen X., Chen C.,
Palmstrom A. F., Ndione P. F., Reese M. O., Dunfield S. P., 
Reid O. G. et al. / Science 364, 475–479 (2019). 

15. Zhou X., Zhang L., Wang X., Liu C., Chen S.,
Zhang M., Li X., Yi W., Xu B. / Adv. Mater. 32, 73–97 
(2020). 

16. Hao F., Stoumpos C. C., Chang R. P., Kanat- 
zidis M. G. / J. Am. Chem. Soc. 136, 8094 (2014). 

17. Im J., Stoumpos C. C., Jin H., Freeman A. J.,
Kanatzidis M. G. / J. Phys. Chem. Lett. 6, 3503 (2015). 

18. Ju D., Dang Y., Zhu Z., Liu H., Chueh C.-C.,
Li X., Wang L., Hu X., Jen Y., Tao X. / Chem. Mater. 30, 
1556 (2018). 

19. Zuo F., Williams S. T., Liang P. W., Chueh C. C.,
Liao C. Y., Jen A. K. / Adv. Mater. 26, 6454 (2014).  

20. Noel N. K., Stranks S. D., Abate A., Wehren- 
fennig C., Guarnera S., Haghighirad A.-A., Sadhanala A., 
Eperon G. E., Pathak S. K., Johnston M. B., Petrozza A., 
Herz L. M., Snaith H. J. / Energy Environ. Sci. 7, 3061 
(2014). 

21. Li C., Song Z., Chen C., Xiao C., Subedi B.,
Harvey S. P., Shrestha N., Subedi K. K., Chen L., Liu D., 
Li Y., Kim Y.-W., Jiang C.-S., Heben M. J., Zhao D., 
Ellingson R. J., Podraza N. J., Al-Jassim M., Yan Y. / Nat. 
Energy 5, 768 (2020). 

22. Liao W., Zhao D., Yu Y., Grice C. R., Wang C.,
Cimaroli A. J., Schulz P., Meng W., Zhu K., Xiong R. G., 
Yan Y. / Adv. Mater. 28, 9333 (2016). 

23. Zhang L., Kang Q., Song Y., Chi D., Huang S.,
He G. / Sol. RRL 5, 2000681 (2021). 

24. Zhao  D., Yu Y., Wang C., Liao W., Shrestha N.,
Grice C. R., Cimaroli A. J., Guan L., Ellingson R. J., 
Zhu K., Zhao X., Xiong R.-G., Yan Y. / Nat. Energy 2, 
17018 (2017). 

25. Lian X., Chen J., Zhang Y., Qin M., Li J.,
Tian S., Yang W., Lu X., Wu G., Chen H. / Adv. Funct. 
Mater. 29, 1807024 (2019). 

26. Jiang T., Chen Z., Chen X., Liu T., Chen X.,
Sha W. E. I., Zhu H., Yang Y. / Sol. RRL 4, 1900467 
(2019). 

27. Xu X., Chueh C.-C., Yang Z., Rajagopal A.,
Xu J., Jo S. B., Jen A. K. Y. / Nano Energy 34, 392 (2017). 

28. Li C., Song Z., Zhao D., Xiao C., Subedi B.,
Shrestha N., Junda M. M., Wang C., Jiang C.-S., Al-
Jassim M., Ellingson R. J., Podraza N. J., Zhu K., Yan Y. / 
Adv. Energy Mater.9, 1803135 (2019). 

29. Xiao K., Lin R., Han Q., Hou Y., Qin Z.,
Nguyen H. T., Wen J., Wei M., Yeddu V., Saidami- 
nov M. I., Gao Y., Luo X., Wang Y., Gao H., Zhang C., 
Xu J., Zhu J., Sargent E. H., Tan H. / Nat. Energy 5, 870 
(2020). 



30. Li C., Song Z., Chen C., Xiao C., Subedi B.,
Harvey S. P., Shrestha N., Subedi K. K., Chen L., Liu D., 
Li Y., Kim Y.-W., Jiang C.-S., Heben M. J., Zhao D., 
Ellingson R. J., Podraza N. J., Al-Jassim M., Yan Y. / Nat. 
Energy 5, 768 (2020). 

31. Tong J. H., Song Z. N., Kim D. H., Chen X. H.,
Chen C., Palmstrom A. F., Ndione P. F., Reese M. O., 
Dunfield S. P., Reid O. G., Liu J., Zhang F., Harvey S. P., 
Li Z., Christensen S. T., Teeter G., Zhao D. W., Al-Jassim M. M., 
van Hest M., Beard M. C., Shaheen S. E., Berry J. J., 
Yan Y. F., Zhu K. / Science 364, 475 (2019). 

32. Gupta S., Bendikov T., Hodes G., Cahen D. /
ACS Energy Lett. 1, 1028 (2016). 

33. Kumar M. H., Dharani S., Leong W. L., 
Boix P. P., Prabhakar R. R., Baikie T., Shi C., Ding H., 
Ramesh R., Asta M., Graetzel M., Mhaisalkar S. G., 
Mathews N. / Adv. Mater. 26, 7122 (2014). 

34. Lee S. J., Shin S. S., Kim Y. C., Kim D.,
Ahn T. K., Noh J. H., Seo J., Seok S. I. / J. Am. Chem. Soc. 
138, 3974 (2016). 

35. Gupta S., Cahen D., Hodes G. / J. Phys. Chem. C
122, 13926 (2018).  

36. Hartmann C., Gupta S., Bendikov T., Kozina X.,
Kunze T., Felix R., Hodes G., Wilks R. G., Cahen D., 
Bar M. / ACS Appl. Mater. Interfaces 12, 12353 (2020).  

37. Xiao M., Gu S., Zhu P., Tang M., Zhu W.,
Lin R., Chen C., Xu W., Yu T., Zhu J. / Adv. Opt. Mater. 6, 
1700615 (2018). 

38. Zong Y., Zhou Z., Chen M., Padture N. P.,
Zhou Y. / Adv. Energy Mater. 8, 1800997 (2018). 

39. Ripolles T. S., Yamasuso D., Zhang Y., 
Kamarudin M. A., Ding C., Hirotani D., Shen Q., Hayase S. / 
J. Phys. Chem. C 122, 27284 (2018).

40. Savill K. J., Ulatowski A. M., Farrar M. D.,
John- 
ston M. B., Snaith H. J., Herz L. M. / Adv. Funct. Mater. 
30, 2005594 (2020). 

41. Yu B.-B., Xu L., Liao M., Wu Y., Liu F., He Z.,
Ding J., Chen W., Tu B., Lin Y., Zhu Y., Zhang X., 
Yao W., Djurišić A. B., Hu J.-S., He Z. / Sol. RRL 3, 
1800290 (2019). 

42. Kim D. H., Park J., Li Z., Yang M., Park J. S.,
Park I. J., Kim J. Y., Berry J. J., Rumbles G., Zhu K. / Adv. 
Mater. 29, 1606831 (2017). 

43. Luque A., Martí A. / Physical Review Letters 78,
5014 (1997). 

44. Ramiro I., Martí A. / Prog Photovolt Res Appl.
29, 705 (2021). 

45. Ahsan N., Miyashita N., Islam M. Monirul Yu,
Man K., Walukiewicz W., Okada Y. / Applied Physics 
Letters 100, 172111 (2012). 

46. Tanaka T., Miyabara M., Nagao Y., Saito K.,
Guo Q., Nishio M., Yu K. M., Walukiewicz W. / Applied 
Physics Letters 102, 52111 (2013). 

47. Ramiro I., Antolín E., Linares P. G., López E.,
Artacho I., Datas A., Martí A., Luque A., Steer M. J., 
Stanley C. R. / 2014 IEEE 40th Photovoltaic Specialist 
Conference, PVSC 2014, pp. 3251–3253. 

48. Okada Y., Ekins-Daukes N. J., Kita T., 
Tamaki R., Yoshida M., Pusch A., Hess O., Phillips C. C., 

Farrell D. J., Yoshida K. / Applied Physics Reviews 2, 
21302 (2015). 

49. Luque A., Martí A., Stanley C. / Nature Photon
6, 146 (2012). 

50. Ramiro I., Antolín E., Hwang J., Teran A.,
Martin A. J., Linares P. G., Millunchick J., Philips J., 
Martí A., Luque A. / IEEE Journal of Photovoltaics 7, 508 
(2017).  

51. Creti A., Tasco V., Cola A., Montagna G.,
Tarantini I., Salhi A., Al-Muhanna A., Passaseo A., 
Lomascolo M. / Applied Physics Letters 108, 63901 (2016). 

52. Ramiro I., Martí A., Antolín E., Luque A. / IEEE
Journal of Photovoltaics 4, 736 (2014). 

53. Martí A., Antolín E., Stanley C. R., 
Farmer C. D., López N., Díaz P., Canovas E., Linares P. G., 
Luque A. / Physical Review Letters 97, 247701 (2006). 

54. Ramiro I., Villa J., Hwang J., Martin A. J.,
Millunchick J., Phillips J., Martí A., Physical Review 
Letters 125, 247703 (2020). 

55. Sanchez R. S., De La Fuente M. S., Suarez I.,
Muñoz-Matutano G., Martinez-Pastor J. P., Mora-Sero I. / 
Science Advances 2 (1), e1501104–е1501104 (2016),  
doi: 10.1126/sciadv.1501104 

56. Hosokawa H., Tamaki R., Sawada T., 
Okonogi A., Sato H., Ogomi Y., Hayase S., Okada Y., 
Yano T. / Nature Communications 10, 4 (2019). 

57. Ning Z., Gong X., Comin R., Walters G., Fan F.,
Voznyy O., Yassitepe E., Buin A., Hoogland S., 
Sargent E. H. / Nature 523, 324 (2015). 

58. Wang P., Xie J., Xiao K., Hu H., Cui C.,
Qiang Y., Lin P., Arivazhagan V., Xu L., Yang Z., Yao Y., 
Lu T., Wang Z., Yu X., Yang D. / ACS Appl. Mater. Inter-
faces 10, 22320 (2018). 

59. Liu Y., Dong Y., Zhu T., Ma D., Proppe A.,
Chen B., Zheng C., Hou Y., Lee S., Sun B., Jung E. H., 
Yuan F., Wang Y., Sagar L. K., Hoogland S., García 
de Arquer F. P., Choi M.-J., Singh K., Kelley S. O., 
Voznyy O., Lu Z.-H., Sargent E. H. / J. Am. Chem. Soc. 
143, 15606 (2021). 

60. Han J., Luo S., Yin X., Zhou Y., Nan H., Li J.,
Li X., Oron D., Shen H., Lin H. / Small 14, 1801016 
(2018). 

61. Liu M., Chen Y., Tan C.-S., Quintero-
Bermudez R., Proppe A. H., Munir R., Tan H., Voznyy O., 
Scheffel B., Walters G., Kam A. P. T., Sun B., Choi M.-J., 
Hoogland S., Amassian A., Kelley S. O., García 
de Arquer F. P., Sargent E. H. / Nature 570, 96 (2019). 

62. Chen H., Pina J. M., Hou Y., Sargent E. H. /
Adv. Energy Mater. 2100774 (2021).  

63. Rakshit S., Piatkowski P., Mora-Seró I., 
Douhal A. / Advanced Optical Materials 10, 2102566 
(2022). 

64. Goldschmidt V. M. Die Gesetze der 
Krystallochemie. Naturwissenschaften 14, 477–485 (1926). 

65. Li C., Lu X., Ding W., Feng L., Gao Y., Guo Z./
Acta Crystallogr., Sect. B: Struct. Sci. 64, 702–707 (2008). 

66. https://www.nrel.gov/pv/assets/pdfs/best-
research-cell-efficiencies.20200218.pdf 

67. Uribe J. I., Ramirez D., Osorio-Guillén J. M.,
Osorio J., Jaramillo F. / J. Phys. Chem. C 120, 16393–
16398 (2016). 

Uspekhi Prikladnoi Fiziki (Advances in Applied Physics), 2023, vol. 11, № 4 



68. Rohere G. S. Structure and Bonding in
Crystalline Materials. New York: Cambridge University 
Press, 2001. 

69. Hao F., Stoumpos C. C., Cao D. H., Chang R. P. H., 
Kanatzidis M. G. / Nat. Photon. 8, 489–494 (2014). 

70. Noel N. K., Stranks S. D., Abate A., Wehren- 
fennig C., Guarnera S., Haghighirad A. A., Sadhanala A., 
Eperon G. E., Johnston M. B., Petrozza A. M. et al. / 
Energy Environ. Sci. 7, 3061–3068 (2014). 

71. Ma L., Hao F., Stoumpos C. C., Phelan B. T.,
Wasielewski M. R., Kanatzidis M. G. / J. Am. Chem. Soc. 
138, 14750–14755 (2016).  

72. Xie G., Xu L., Sun L., Xiong Y., Wu P., Hu B. /
J. Mater. Chem. A 7, 5779–5793 (2019).

73. Li F., Zhang C., Huang J.-H., Fan H., Wang H.,
Wang P., Zhan C., Liu C.-M., Li X., Yang L.-M. et al. / 
Angew. Chem. Int. Ed. 58, 6688–6692 (2019). 

74. Baikie T., Fang Y., Kadro J. M., Schreyer M.,
Wei F., Mhaisalkar S. G., Graetzel M., White T. J. / J. Mater. 
Chem. A 1, 5628–5641 (2013). 

75. Amat A., Mosconi E., Ronca E., Quarti C.,
Umari P., Nazeeruddin M. K., Grätzel M., Angelis F. D. / 
Nano Lett. 14, 3608–3616 (2014). 

76. Shi T., Zhang H.-S., Meng W., Teng Q., Liu M.,
Yang X., Yan Y., Yip H.-L., Zhao Y.- J. / J. Mater. Chem. 
A 5, 15124–15129 (2017). 

77. Koh T. M., Krishnamoorthy T., Yantara N.,
Shi C., Leong W. L., Boix P. P., Grimsdale A. C., Mhaisal- 
kar S. G., Mathews N. / J. Mater. Chem. A 3, 14996–15000 
(2015). 

78. Liao W., Zhao D., Yu Y., Grice C. R., Wang C.,
Cimaroli A. J., Schulz P., Meng W., Zhu K., Xiong R.-G. 
et al. / Adv. Mater. 28, 9333–9340 (2016). 

79. Jokar E., Chien C.-H., Fathi A., Rameez M.,
Chang Y.-H., Diau E. W.-G. / Energy Environ. Sci. 11, 
2353–2362 (2018).  

80. Milot R. L., Eperon G. E., Green T., Snaith H. J.,
Johnston M. B., Herz L. M. / J. Phys. Chem. Lett. 7, 4178–
4184 (2016). 

81. Wang W., Zhao D., Zhang F., Li L., Du M.,
Wang C., Yu Y., Huang Q., Zhang M., Li L. et al. / Adv. 
Funct. Mater. 27, 1703953 (2017). 

82. Xu X., Chueh C.-C., Jing P., Yang Z., Shi X.,
Zhao T., Lin L. Y., Jen A. K.-Y. / Adv. Funct. Mater. 27, 
1701053 (2017). 

83. Sutton R. J., Eperon G. E., Miranda L., 
Parrott E. S., Kamino B. A., Patel J. B., Hörantner M. T., 
Johnston M. B., Abbas Haghighirad A., Moore D. T. et al. / 
Adv. Energy Mater. 6, 1502458 (2016). 

84. Chung I., Song J.-H., Im J., Androulakis J.,
Malliakas C. D., Li H., Freeman A. J., Kenney J. T., 
Kanatzidis M. G. / J. Am. Chem. Soc. 134, 8579–8587 
(2012).  

85. Chen Z., Wang J. J., Ren Y., Yu C., Shum K. /
Appl. Phys. Lett. 101, 093901 (2012). 

86. da Silva E. L., Skelton J. M., Parker S. C.,
Walsh A. / Phys. Rev. B 91, 144107 (2015). 

87. Li B., Long R., Xia Y., Mi Q. / Angew. Chem.
Int. Ed. 57, 13154–13158 (2018). 

88. Mao L., Tsai H., Nie W., Ma L., Im J., Stoum-
pos C. C., Malliakas C. D., Hao F., Wasielewski M. R., 
Mohite A. D. et al. / Chem. Mater. 28, 7781–7792 (2016). 

89. Hao F., Stoumpos C. C., Guo P., Zhou N.,
Marks T. J., Chang R. P. H., Kanatzidis M. G. / J. Am. 
Chem. Soc. 137, 11445–11452 (2015). 

90. Hao F., Stoumpos C. C., Chang R. P. H., Kanat-
zidis M. G. / J. Am. Chem. Soc. 136, 8094–8099 (2014). 

91. Zhao B., Abdi-Jalebi M., Tabachnyk M., 
Glass H., Kamboj V. S., Nie W. A., Pearson J., Put-
tisong Y., Gödel K. C., Beere H. E. et al. / Adv. Mater. 29, 
1604744 (2017). 

92. Im J., Stoumpos C. C., Jin H., Freeman A. J.,
Kanatzidis M. G. / J. Phys. Chem. Lett. 6, 3503–3509 
(2015). 

93. Goyal A., McKechnie S., Pashov D., Tumas W.,
Schilfgaarde M. V., Stevanović V. / Chem. Mater. 30, 
3920–3928 (2018). 

94. Lee S., Levi R. D., Qu W., Lee S. C., Ran-
dall C. A./ J. Appl. Phys. 107, 023523 (2010). 

95. Nagane S., Ghosh D., Hoye R. L. Z., Zhao B.,
Ahmad S., Walker A. B., Islam M. S., Ogale S., Sadhana-
la A. / J. Phys. Chem. C 122, 5940–5947 (2018). 

96. Jung Y.-K., Lee J.-H., Walsh A., Soon A. /
Chem. Mater. 29, 3181–3188 (2017). 

97. Lü X., Wang Y., Stoumpos C. C., Hu Q.,
Guo X., Chen H., Yang L., Smith J. S., Yang W., Zhao Y. 
et al. / Adv. Mater. 28, 8663–8668 (2016).  

98. Wang L., Ou T., Wang K., Xiao G., Gao C.,
Zou B. / Appl. Phys. Lett. 111, 233901 (2017). 

99. Yang Z., Janmohamed A., Lan X., García
de Arquer F. P., Voznyy O., Yassitepe E., Kim G.-H., 
Ning Z., Gong X., Comin R., Sargent E. H. / Nano Lett. 15, 
7539 (2015). 

100. Gaulding E. A., Chen X., Yang Y., Harvey S. P.,
To B., Kim Y.-H., Beard M. C., Sercel P. C., Luther J. M. / 
ACS Materials Lett. 2, 1464 (2020). 

101. Gaulding E. A., Chen X., Yang Y., Harvey S. P.,
To B., Kim Y.-H., Beard M. C., Sercel P. C., Luther J. M. / 
ACS Materials Lett. 2, 1464 (2020). 

102. Zhang W., Pathak S., Sakai N., Stergiopoulos T.,
Nayak P. K., Noel N. K., Haghighirad A. A., Burla-
kov V. M., deQuilettes D. W., Sadhanala A., Wang W., 
Li L., Ginger D. S., Friend R. H., Snaith H. J. / Nat Com-
mun 6, 10030 (2015). 

103. Ugur Deneb Menda, Guilherme Ribeiro, Daniela
Nunes, Tomás Calmeiro, Hugo Águas, Elvira Fortu-
nato , Rodrigo Martins and Manuel J. Mendes / Mater. Adv. 
2, 6344–6355 (2021). 

104. Jiang X., Wang F., Wei Q., Li H., Shang Y.,
Zhou W., Wang C., Cheng P., Chen Q., Chen L. et al. / Nat 
Commun 11, 1245 (2020). 

Uspekhi Prikladnoi Fiziki (Advances in Applied Physics), 2023, vol. 11, № 4 




