
LUND UNIVERSITY

PO Box 117
221 00 Lund
+46 46-222 00 00

Development of Single Nanowire Optoelectronic Devices

Lamers, Nils

2025

Link to publication

Citation for published version (APA):
Lamers, N. (2025). Development of Single Nanowire Optoelectronic Devices. Lund University.

Total number of authors:
1

General rights
Unless other specific re-use rights are stated the following general rights apply:
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.
 • Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.
 • You may not further distribute the material or use it for any profit-making activity or commercial gain
 • You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

https://portal.research.lu.se/en/publications/9809b767-d495-44ed-b431-77c8198665c6


Development of Single Nanowire 
Optoelectronic Devices
NILS LAMERS 

DEPARTMENT OF PHYSICS | FACULTY OF SCIENCE | LUND UNIVERSITY





 



 



 

 



I, the undersigned, being the copyright owner of the abstract of the above-mentioned dissertation, 
hereby grant to all reference sources permission to publish and disseminate the abstract of the above-
mentioned dissertation. 

Signature Date 2025-03-21 



 

 

 

  



  

 

 

 



 

 

 

 

 

 

 
 
 

 

  

  

  

  
  
  

2.2.3 Photo- and electroluminescence  

  

  
3.1.1 NW seed particles  

  
  
  
  

3.1.6 BCB and PECVD SiO2 – a comparison  

  
  
  
  

  
  



4.1.3 Properties of CsPbBr3 and CsPb(Br1-xClx)3

4.4 Anion exchange for CsPb(Br1-xClx)3 nanowires



i 

 



  









 

 



 

 

 

https://doi.org/10.1088/1361-6528/ad96c3


 

 

 

 

https://doi.org/10.1021/acs.nanolett.2c00137
https://doi.org/10.1021/acsanm.2c00188
https://doi.org/10.1002/adom.202300435


 

 

 

 

https://doi.org/10.1021/acsomega.4c06646
https://doi.org/10.1021/acsanm.1c03575
https://doi.org/10.1007/s12274-022-4633-7


 

 

 

 

  

https://doi.org/10.1088/1361-6528/ad355c
https://doi.org/10.1021/acsanm.3c02978
https://doi.org/10.1021/acsnano.4c11458




 



1 

 

 







 

 





𝐽 =  𝐽0  [𝑒
𝑉

𝑛𝑉𝑇  −  1] (2.1) 

𝑉𝑇  =

 𝑞 𝑘𝐵𝑇⁄



 

 



Φ 𝐼𝑝ℎ ∝ 𝜙𝛼

α

𝐽 =  𝐽0  [𝑒
𝑉

𝑛𝑉𝑇  −  1] −  𝐽𝑝ℎ   (2.3) 

𝐹𝐹 =
𝑃𝑚𝑝𝑝

𝐼𝑠𝑐𝑉𝑜𝑐
 (2.4) 

 

η

η

𝐸𝑄𝐸 =  
𝐼𝑝ℎ

𝑞𝜙
 (2.5) 

η



2.2.3 Photo- and electroluminescence 

ϕ

𝐸𝑄𝐸 =  
𝑞 𝜙𝑜𝑢𝑡

𝐼𝑖𝑛𝑗
 (2.6) 



 



 



3.1.1 NW seed particles 

 



 

 



 



3.1.6 BCB and PECVD SiO2 – a comparison 
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Device architecture 

Isolation layer / top contact 

Voc  

[V] 

Jsc  

[mAcm-2] 

FF   

[%] 

BCB/Au 0.56 104 ± 34 57.9 

BCB/ITO 0.57 81 ± 57 58.3 

SiO2/ITO 0.37 97 ± 57 49.4 
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4.1.3 Properties of CsPbBr3 and CsPb(Br1-xClx)3 
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4.4 Anion exchange for CsPb(Br1-xClx)3 nanowires 



 



 



 





 

𝐽 =  −𝐷
𝜕𝐶

𝜕𝑥
 (4.3) 

𝜕𝐶

𝜕𝑡

𝜕𝐶

𝜕𝑡
= 𝐷

𝜕2𝐶

𝜕𝑥2 (4.4) 



𝐶(𝑡,𝑥,𝑅)−𝐶1

𝐶0− 𝐶1
 = 1 - (

2

𝑅
∑

exp(−𝐷 𝛼𝑛
2  𝑡)𝐽0(𝛼𝑛𝑥)

𝛼𝑛 𝐽1(𝛼𝑛𝑅)
∞
𝑛=1 ) (4.5) 

𝛼𝑛 × 𝛼𝑛

𝛼𝑛

𝑥𝛼𝑛

C(t, x = 0, R ) =  𝐶1 
2

𝑅
 (

exp(−𝐷𝛼1
2𝑡)

𝛼1 𝐽1(𝛼1𝑅)
+

exp(−𝐷𝛼2
2𝑡)

𝛼2 𝐽1(𝛼2𝑅)
+

exp(−𝐷𝛼3
2𝑡)

𝛼3 𝐽1(𝛼3𝑅)
) (4.6) 



 

 

 







 





 

[1] E. Ertekin, P. A. Greaney, D. C. Chrzan, and T. D. Sands, "Equilibrium limits of 

coherency in strained nanowire heterostructures",  Journal of Applied Physics 

2005, vol. 97, no. 11, doi: http://doi.org/10.1063/1.1903106 

[2] F. Glas, "Critical dimensions for the plastic relaxation of strained axial 

heterostructures in free-standing nanowires",  Physical Review B 2006, vol. 74, 

no. 12, doi: http://doi.org/10.1103/PhysRevB.74.121302 

[3] S. Andric, F. Lindelow, L. O. Fhager, E. Lind, and L.-E. Wernersson, "Lateral 

III–V Nanowire MOSFETs in Low-Noise Amplifier Stages",  IEEE Transactions 

on Microwave Theory and Techniques 2022, vol. 70, no. 2, pp. 1284-1291, doi: 

http://doi.org/10.1109/tmtt.2021.3124088 

[4] G. Rangasamy, Z. Zhu, and L.-E. Wernersson, "High Current Density Vertical 

Nanowire TFETs With I₆₀ > 1 μA/μm",  IEEE Access 2023, vol. 11, pp. 95692-

95696, doi: http://doi.org/10.1109/access.2023.3310253 

[5] K. Tomioka, M. Yoshimura, and T. Fukui, "A III-V nanowire channel on silicon 

for high-performance vertical transistors",  Nature 2012, vol. 488, no. 7410, pp. 

189-92, doi: http://doi.org/10.1038/nature11293 

[6] L. J. Lauhon, M. S. Gudiksen, D. Wang, and C. M. Lieber, "Epitaxial core-shell 

and core-multishell nanowire heterostructures",  Nature 2002, vol. 420, no. 6911, 

pp. 57-61, doi: http://doi.org/10.1038/nature01141 

[7] Z. Zhang, N. Lamers, C. Sun, C. Hetherington, I. G. Scheblykin, and J. Wallentin, 

"Free-Standing Metal Halide Perovskite Nanowire Arrays with Blue-Green 

Heterostructures",  Nano Letters 2022, vol. 22, no. 7, pp. 2941-2947, doi: 

http://doi.org/10.1021/acs.nanolett.2c00137 

[8] A. B. Greytak, C. J. Barrelet, Y. Li, and C. M. Lieber, "Semiconductor nanowire 

laser and nanowire waveguide electro-optic modulators",  Applied Physics Letters 

2005, vol. 87, no. 15, doi: http://doi.org/10.1063/1.2089157 

[9] C. J. Barrelet, A. B. Greytak, and C. M. Lieber, "Nanowire photonic circuit 

elements",  Nano Letters 2004, vol. 4, no. 10, pp. 1981-1985, doi: 

http://doi.org/10.1021/nl048739k 

[10] X. Guo, Y. Ying, and L. Tong, "Photonic nanowires: from subwavelength 

waveguides to optical sensors",  Accounts of Chemical Research 2014, vol. 47, 

no. 2, pp. 656-66, doi: http://doi.org/10.1021/ar400232h 

[11] N. Anttu, "Absorption of light in a single vertical nanowire and a nanowire 

array",  Nanotechnology 2019, vol. 30, no. 10, p. 104004, doi: 

http://doi.org/10.1088/1361-6528/aafa5c 

http://doi.org/10.1063/1.1903106
http://doi.org/10.1103/PhysRevB.74.121302
http://doi.org/10.1109/tmtt.2021.3124088
http://doi.org/10.1109/access.2023.3310253
http://doi.org/10.1038/nature11293
http://doi.org/10.1038/nature01141
http://doi.org/10.1021/acs.nanolett.2c00137
http://doi.org/10.1063/1.2089157
http://doi.org/10.1021/nl048739k
http://doi.org/10.1021/ar400232h
http://doi.org/10.1088/1361-6528/aafa5c


[12] N. Anttu, A. Abrand, D. Asoli, M. Heurlin, I. Åberg, L. Samuelson, and M. 

Borgström, "Absorption of light in InP nanowire arrays",  Nano Research 2014, 

vol. 7, no. 6, pp. 816-823, doi: http://doi.org/10.1007/s12274-014-0442-y 

[13] H. Park, Y. Dan, K. Seo, Y. J. Yu, P. K. Duane, M. Wober, and K. B. Crozier, 

"Filter-free image sensor pixels comprising silicon nanowires with selective color 

absorption",  Nano Letters 2014, vol. 14, no. 4, pp. 1804-9, doi: 

http://doi.org/10.1021/nl404379w 

[14] J. Goldberger, A. I. Hochbaum, R. Fan, and P. D. Yang, "Silicon vertically 

integrated nanowire field effect transistors",  Nano Letters 2006, vol. 6, no. 5, pp. 

973-977, doi: http://doi.org/10.1021/nl060166j 

[15] N. Han, F. Wang, J. J. Hou, F. Xiu, S. Yip, A. T. Hui, T. Hung, and J. C. Ho, 

"Controllable p-n switching behaviors of GaAs nanowires via an interface effect",  

ACS Nano 2012, vol. 6, no. 5, pp. 4428-33, doi: http://doi.org/10.1021/nn3011416 

[16] Y. Meng, Z. Lai, F. Li, W. Wang, S. Yip, Q. Quan, X. Bu, F. Wang, Y. Bao, T. 

Hosomi et al., "Perovskite Core-Shell Nanowire Transistors: Interfacial Transfer 

Doping and Surface Passivation",  ACS Nano 2020, vol. 14, no. 10, pp. 12749-

12760, doi: http://doi.org/10.1021/acsnano.0c03101 

[17] C. Thelander, T. Mårtensson, M. T. Björk, B. J. Ohlsson, M. W. Larsson, L. R. 

Wallenberg, and L. Samuelson, "Single-electron transistors in heterostructure 

nanowires",  Applied Physics Letters 2003, vol. 83, no. 10, pp. 2052-2054, doi: 

http://doi.org/10.1063/1.1606889 

[18] J. Wallentin, M. Ek, L. R. Wallenberg, L. Samuelson, and M. T. Borgström, 

"Electron trapping in InP nanowire FETs with stacking faults",  Nano Letters 

2012, vol. 12, no. 1, pp. 151-5, doi: http://doi.org/10.1021/nl203213d 

[19] E. D. Minot, F. Kelkensberg, M. van Kouwen, J. A. van Dam, L. P. 

Kouwenhoven, V. Zwiller, M. T. Borgström, O. Wunnicke, M. A. Verheijen, and 

E. P. Bakkers, "Single quantum dot nanowire LEDs",  Nano Letters 2007, vol. 7, 

no. 2, pp. 367-71, doi: http://doi.org/10.1021/nl062483w 

[20] X. Dai, A. Messanvi, H. Zhang, C. Durand, J. Eymery, C. Bougerol, F. H. Julien, 

and M. Tchernycheva, "Flexible Light-Emitting Diodes Based on Vertical Nitride 

Nanowires",  Nano Lett 2015, vol. 15, no. 10, pp. 6958-64, doi: 

http://doi.org/10.1021/acs.nanolett.5b02900 

[21] C. Hahn, Z. Zhang, A. Fu, C. H. Wu, Y. J. Hwang, D. J. Gargas, and P. Yang, 

"Epitaxial growth of InGaN nanowire arrays for light emitting diodes",  ACS 

Nano 2011, vol. 5, no. 5, pp. 3970-6, doi: http://doi.org/10.1021/nn200521r 

[22] K. Adham, Y. Zhao, P. Kivisaari, and M. T. Borgström, "Characterization of n-

doped branches in nanotree LEDs",  Energy Advances 2024, vol. 3, no. 12, pp. 

2922-2928, doi: http://doi.org/10.1039/d4ya00414k 

[23] Y. Zhao, K. Adham, D. Hessman, and M. T. Borgström, "Direct band gap white 

light emission from charge carrier diffusion induced nanowire light-emitting 

diodes",  Nano Energy 2024, vol. 132, doi: 

http://doi.org/10.1016/j.nanoen.2024.110400 

[24] H. Jeddi, K. Adham, Y. Zhao, B. Witzigmann, F. Romer, M. Bermeo, M. T. 

Borgström, and H. Pettersson, "Enhanced LWIR response of InP/InAsP quantum 

discs-in-nanowire array photodetectors by photogating and ultra-thin ITO 

http://doi.org/10.1007/s12274-014-0442-y
http://doi.org/10.1021/nl404379w
http://doi.org/10.1021/nl060166j
http://doi.org/10.1021/nn3011416
http://doi.org/10.1021/acsnano.0c03101
http://doi.org/10.1063/1.1606889
http://doi.org/10.1021/nl203213d
http://doi.org/10.1021/nl062483w
http://doi.org/10.1021/acs.nanolett.5b02900
http://doi.org/10.1021/nn200521r
http://doi.org/10.1039/d4ya00414k
http://doi.org/10.1016/j.nanoen.2024.110400


contacts",  Nanotechnology 2024, vol. 35, no. 21, doi: 

http://doi.org/10.1088/1361-6528/ad2bd0 

[25] H. Jeddi, B. Witzigmann, K. Adham, L. Hrachowina, M. T. Borgström, and H. 

Pettersson, "Spectrally Tunable Broadband Gate-All-Around InAsP/InP Quantum 

Discs-in-Nanowire Array Phototransistors with a High Gain-Bandwidth Product",  

ACS Photonics 2023, vol. 10, no. 6, pp. 1748-1755, doi: 

http://doi.org/10.1021/acsphotonics.2c02024 

[26] L. Chayanun, L. Hrachowina, A. Bjorling, M. T. Borgström, and J. Wallentin, 

"Direct Three-Dimensional Imaging of an X-ray Nanofocus Using a Single 60 nm 

Diameter Nanowire Device",  Nano Letters 2020, vol. 20, no. 11, pp. 8326-8331, 

doi: http://doi.org/10.1021/acs.nanolett.0c03477 

[27] L. Chayanun, S. Hammarberg, H. Dierks, G. Otnes, A. Björling, M. T. 

Borgström, and J. Wallentin, "Combining Nanofocused X-Rays with Electrical 

Measurements at the NanoMAX Beamline",  Crystals 2019, vol. 9, no. 8, doi: 

http://doi.org/10.3390/cryst9080432 

[28] C. Gutsche, A. Lysov, D. Braam, I. Regolin, G. Keller, Z. A. Li, M. Geller, M. 

Spasova, W. Prost, and F. J. Tegude, "n‐GaAs/InGaP/p‐GaAs Core‐Multishell 

Nanowire Diodes for Efficient Light‐to‐Current Conversion",  Advanced 

Functional Materials 2011, vol. 22, no. 5, pp. 929-936, doi: 

http://doi.org/10.1002/adfm.201101759 

[29] M. Zapf, M. Ritzer, L. Liborius, A. Johannes, M. Hafermann, S. Schonherr, J. 

Segura-Ruiz, G. Martinez-Criado, W. Prost, and C. Ronning, "Hot electrons in a 

nanowire hard X-ray detector",  Nature Communications 2020, vol. 11, no. 1, p. 

4729, doi: http://doi.org/10.1038/s41467-020-18384-x 

[30] W. Deng, L. Huang, X. Xu, X. Zhang, X. Jin, S. T. Lee, and J. Jie, "Ultrahigh-

Responsivity Photodetectors from Perovskite Nanowire Arrays for Sequentially 

Tunable Spectral Measurement",  Nano Letters 2017, vol. 17, no. 4, pp. 2482-

2489, doi: http://doi.org/10.1021/acs.nanolett.7b00166 

[31] Y. Guan, C. Zhang, Z. Liu, Y. Zhao, A. Ren, J. Liang, F. Hu, and Y. S. Zhao, 

"Single-Crystalline Perovskite p-n Junction Nanowire Arrays for Ultrasensitive 

Photodetection",  Adv Mater 2022, vol. 34, no. 35, p. e2203201, doi: 

http://doi.org/10.1002/adma.202203201 

[32] K. D. M. Rao, M. Hossain, Umesh, A. Roy, A. Ghosh, G. S. Kumar, P. Moitra, T. 

Kamilya, S. Acharya, and S. Bhattacharya, "Transparent, flexible MAPbI3 

perovskite microwire arrays passivated with ultra-hydrophobic supramolecular 

self-assembly for stable and high-performance photodetectors",  Nanoscale 2020, 

vol. 12, no. 22, pp. 11986-11996, doi: http://doi.org/10.1039/d0nr01394c 

[33] T. Yang, Y. Zheng, Z. Du, W. Liu, Z. Yang, F. Gao, L. Wang, K. C. Chou, X. 

Hou, and W. Yang, "Superior Photodetectors Based on All-Inorganic Perovskite 

CsPbI3 Nanorods with Ultrafast Response and High Stability",  ACS Nano 2018, 

vol. 12, no. 2, pp. 1611-1617, doi: http://doi.org/10.1021/acsnano.7b08201 

[34] Q. Zhou, J. G. Park, R. Nie, A. K. Thokchom, D. Ha, J. Pan, S. I. Seok, and T. 

Kim, "Nanochannel-Assisted Perovskite Nanowires: From Growth Mechanisms 

to Photodetector Applications",  ACS Nano 2018, vol. 12, no. 8, pp. 8406-8414, 

doi: http://doi.org/10.1021/acsnano.8b03826 

http://doi.org/10.1088/1361-6528/ad2bd0
http://doi.org/10.1021/acsphotonics.2c02024
http://doi.org/10.1021/acs.nanolett.0c03477
http://doi.org/10.3390/cryst9080432
http://doi.org/10.1002/adfm.201101759
http://doi.org/10.1038/s41467-020-18384-x
http://doi.org/10.1021/acs.nanolett.7b00166
http://doi.org/10.1002/adma.202203201
http://doi.org/10.1039/d0nr01394c
http://doi.org/10.1021/acsnano.7b08201
http://doi.org/10.1021/acsnano.8b03826


[35] A. C. Farrell, P. Senanayake, X. Meng, N. Y. Hsieh, and D. L. Huffaker, "Diode 

Characteristics Approaching Bulk Limits in GaAs Nanowire Array 

Photodetectors",  Nano Letters 2017, vol. 17, no. 4, pp. 2420-2425, doi: 

http://doi.org/10.1021/acs.nanolett.7b00024 

[36] M. H. Huang, S. Mao, H. Feick, H. Yan, Y. Wu, H. Kind, E. Weber, R. Russo, 

and P. Yang, "Room-temperature ultraviolet nanowire nanolasers",  Science 2001, 

vol. 292, no. 5523, pp. 1897-9, doi: http://doi.org/10.1126/science.1060367 

[37] D. Ren, L. Ahtapodov, J. S. Nilsen, J. Yang, A. Gustafsson, J. Huh, G. J. 

Conibeer, A. T. J. van Helvoort, B. O. Fimland, and H. Weman, "Single-Mode 

Near-Infrared Lasing in a GaAsSb-Based Nanowire Superlattice at Room 

Temperature",  Nano Letters 2018, vol. 18, no. 4, pp. 2304-2310, doi: 

http://doi.org/10.1021/acs.nanolett.7b05015 

[38] X. X. He, P. Liu, S. N. Wu, Q. Liao, J. N. Yao, and H. B. Fu, "Multi-color 

perovskite nanowire lasers through kinetically controlled solution growth 

followed by gas-phase halide exchange",  Journal of Materials Chemistry C 2017, 

vol. 5, no. 48, pp. 12707-12713, doi: http://doi.org/10.1039/c7tc03939e 

[39] D. I. Markina, S. S. Anoshkin, M. A. Masharin, S. A. Khubezhov, I. Tzibizov, D. 

Dolgintsev, I. N. Terterov, S. V. Makarov, and A. P. Pushkarev, "Perovskite 

Nanowire Laser for Hydrogen Chloride Gas Sensing",  ACS Nano 2023, vol. 17, 

no. 2, pp. 1570-1582, doi: http://doi.org/10.1021/acsnano.2c11013 

[40] L. Hrachowina, Y. Chen, E. Barrigon, R. Wallenberg, and M. T. Borgström, 

"Realization of axially defined GaInP/InP/InAsP triple-junction photovoltaic 

nanowires for high-performance solar cells",  Materials Today Energy 2022, vol. 

27, doi: http://doi.org/10.1016/j.mtener.2022.101050 

[41] L. Hrachowina, Y. Zhang, A. Saxena, G. Siefer, E. Barrigon, and M. T. 

Borgström, "Development and Characterization of a bottom-up InP Nanowire 

Solar Cell with 16.7% Efficiency", in 2020 47th IEEE Photovoltaic Specialists 

Conference (PVSC), 2020, pp. 1754-1756, doi: 

http://doi.org/10.1109/PVSC45281.2020.9300394 

[42] C. Colombo, M. Heiss, M. Grätzel, and A. F. I. Morral, "Gallium arsenide p-i-n 

radial structures for photovoltaic applications",  Applied Physics Letters 2009, 

vol. 94, no. 17, doi: http://doi.org/10.1063/1.3125435 

[43] J. Wallentin, N. Anttu, D. Asoli, M. Huffman, I. Aberg, M. H. Magnusson, G. 

Siefer, P. Fuss-Kailuweit, F. Dimroth, B. Witzigmann et al., "InP nanowire array 

solar cells achieving 13.8% efficiency by exceeding the ray optics limit",  Science 

2013, vol. 339, no. 6123, pp. 1057-60, doi: 

http://doi.org/10.1126/science.1230969 

[44] D. Li, Y. Meng, Y. Zheng, P. Xie, X. Kang, Z. Lai, X. Bu, W. Wang, W. Wang, 

F. Chen et al., "Surface Energy‐Mediated Self‐Catalyzed CsPbBr3 Nanowires for 

Phototransistors",  Advanced Electronic Materials 2022, vol. 8, no. 12, doi: 

http://doi.org/10.1002/aelm.202200727 

[45] P. Guo, D. Liu, X. Shen, Q. Lv, Y. Wu, Q. Yang, P. Li, Y. Hao, J. C. Ho, and K. 

M. Yu, "On-wire axial perovskite heterostructures for monolithic dual-

wavelength laser",  Nano Energy 2022, vol. 92, p. 106778, doi: 

http://doi.org/10.1016/j.nanoen.2021.106778 

http://doi.org/10.1021/acs.nanolett.7b00024
http://doi.org/10.1126/science.1060367
http://doi.org/10.1021/acs.nanolett.7b05015
http://doi.org/10.1039/c7tc03939e
http://doi.org/10.1021/acsnano.2c11013
http://doi.org/10.1016/j.mtener.2022.101050
http://doi.org/10.1109/PVSC45281.2020.9300394
http://doi.org/10.1063/1.3125435
http://doi.org/10.1126/science.1230969
http://doi.org/10.1002/aelm.202200727
http://doi.org/10.1016/j.nanoen.2021.106778


[46] Y. Meng, C. Lan, F. Li, S. Yip, R. Wei, X. Kang, X. Bu, R. Dong, H. Zhang, and 

J. C. Ho, "Direct Vapor-Liquid-Solid Synthesis of All-Inorganic Perovskite 

Nanowires for High-Performance Electronics and Optoelectronics",  ACS Nano 

2019, vol. 13, no. 5, pp. 6060-6070, doi: http://doi.org/10.1021/acsnano.9b02379 

[47] J. Chen, Y. Fu, L. Samad, L. Dang, Y. Zhao, S. Shen, L. Guo, and S. Jin, "Vapor-

Phase Epitaxial Growth of Aligned Nanowire Networks of Cesium Lead Halide 

Perovskites (CsPbX3, X = Cl, Br, I)",  Nano Letters 2017, vol. 17, no. 1, pp. 460-

466, doi: http://doi.org/10.1021/acs.nanolett.6b04450 

[48] Y. Wang, X. Sun, R. Shivanna, Y. Yang, Z. Chen, Y. Guo, G. C. Wang, E. Wertz, 

F. Deschler, Z. Cai et al., "Photon Transport in One-Dimensional 

Incommensurately Epitaxial CsPbX3 Arrays",  Nano Letters 2016, vol. 16, no. 12, 

pp. 7974-7981, doi: http://doi.org/10.1021/acs.nanolett.6b04297 

[49] E. Oksenberg, A. Merdasa, L. Houben, I. Kaplan-Ashiri, A. Rothman, I. G. 

Scheblykin, E. L. Unger, and E. Joselevich, "Large lattice distortions and size-

dependent bandgap modulation in epitaxial halide perovskite nanowires",  Nature 

Communications 2020, vol. 11, no. 1, p. 489, doi: http://doi.org/10.1038/s41467-

020-14365-2 

[50] D. Zhang, S. W. Eaton, Y. Yu, L. Dou, and P. Yang, "Solution-Phase Synthesis of 

Cesium Lead Halide Perovskite Nanowires",  Journal of the American Chemical 

Society 2015, vol. 137, no. 29, pp. 9230-3, doi: 

http://doi.org/10.1021/jacs.5b05404 

[51] M. Gao, H. Liu, S. Yu, S. Louisia, Y. Zhang, D. P. Nenon, A. P. Alivisatos, and 

P. Yang, "Scaling Laws of Exciton Recombination Kinetics in Low Dimensional 

Halide Perovskite Nanostructures",  Journal of the American Chemical Society 

2020, vol. 142, no. 19, pp. 8871-8879, doi: http://doi.org/10.1021/jacs.0c02000 

[52] Y. Fu, H. Zhu, A. W. Schrader, D. Liang, Q. Ding, P. Joshi, L. Hwang, X. Y. 

Zhu, and S. Jin, "Nanowire Lasers of Formamidinium Lead Halide Perovskites 

and Their Stabilized Alloys with Improved Stability",  Nano Letters 2016, vol. 16, 

no. 2, pp. 1000-8, doi: http://doi.org/10.1021/acs.nanolett.5b04053 

[53] A. B. Wong, M. Lai, S. W. Eaton, Y. Yu, E. Lin, L. Dou, A. Fu, and P. Yang, 

"Growth and Anion Exchange Conversion of CH3NH3PbX3 Nanorod Arrays for 

Light-Emitting Diodes",  Nano Letters 2015, vol. 15, no. 8, pp. 5519-24, doi: 

http://doi.org/10.1021/acs.nanolett.5b02082 

[54] M. L. Lai, Q. Kong, C. G. Bischak, Y. Yu, L. T. Dou, S. W. Eaton, N. S. 

Ginsberg, and P. D. Yang, "Structural, optical, and electrical properties of phase-

controlled cesium lead iodide nanowires",  Nano Research 2017, vol. 10, no. 4, 

pp. 1107-1114, doi: http://doi.org/10.1007/s12274-016-1415-0 

[55] S. Z. Oener, P. Khoram, S. Brittman, S. A. Mann, Q. Zhang, Z. Fan, S. W. 

Boettcher, and E. C. Garnett, "Perovskite Nanowire Extrusion",  Nano Letters 

2017, vol. 17, no. 11, pp. 6557-6563, doi: 

http://doi.org/10.1021/acs.nanolett.7b02213 

[56] S. Ma, S. H. Kim, B. Jeong, H. C. Kwon, S. C. Yun, G. Jang, H. Yang, C. Park, 

D. Lee, and J. Moon, "Strain-Mediated Phase Stabilization: A New Strategy for 

Ultrastable alpha-CsPbI3 Perovskite by Nanoconfined Growth",  Small 2019, vol. 

15, no. 21, p. e1900219, doi: http://doi.org/10.1002/smll.201900219 

http://doi.org/10.1021/acsnano.9b02379
http://doi.org/10.1021/acs.nanolett.6b04450
http://doi.org/10.1021/acs.nanolett.6b04297
http://doi.org/10.1038/s41467-020-14365-2
http://doi.org/10.1038/s41467-020-14365-2
http://doi.org/10.1021/jacs.5b05404
http://doi.org/10.1021/jacs.0c02000
http://doi.org/10.1021/acs.nanolett.5b04053
http://doi.org/10.1021/acs.nanolett.5b02082
http://doi.org/10.1007/s12274-016-1415-0
http://doi.org/10.1021/acs.nanolett.7b02213
http://doi.org/10.1002/smll.201900219


[57] Y. Fu, S. Poddar, B. Ren, Y. Xie, Q. Zhang, D. Zhang, B. Cao, Y. Tang, Y. Ding, 

X. Qiu et al., "Strongly Quantum-Confined Perovskite Nanowire Arrays for 

Color-Tunable Blue-Light-Emitting Diodes",  ACS Nano 2022, vol. 16, no. 5, pp. 

8388-8398, doi: http://doi.org/10.1021/acsnano.2c02795 

[58] D. Q. Zhang, Q. P. Zhang, B. T. Ren, Y. D. Zhu, M. Abdellah, Y. Fu, B. Cao, C. 

Wang, L. L. Gu, Y. C. Ding et al., "Large-scale planar and spherical light-

emitting diodes based on arrays of perovskite quantum wires",  Nature Photonics 

2022, vol. 16, no. 4, pp. 284-+, doi: http://doi.org/10.1038/s41566-022-00978-0 

[59] P. Krogstrup, H. I. Jørgensen, M. Heiss, O. Demichel, J. V. Holm, M. Aagesen, J. 

Nygard, and A. Fontcuberta i Morral, "Single-nanowire solar cells beyond the 

Shockley–Queisser limit",  Nature Photonics 2013, vol. 7, no. 4, pp. 306-310, doi: 

http://doi.org/10.1038/nphoton.2013.32 

[60] Z. Li, L. Li, F. Wang, L. Xu, Q. Gao, A. Alabadla, K. Peng, K. Vora, H. T. 

Hattori, H. H. Tan et al., "Investigation of light-matter interaction in single 

vertical nanowires in ordered nanowire arrays",  Nanoscale 2022, vol. 14, no. 9, 

pp. 3527-3536, doi: http://doi.org/10.1039/d1nr08088a 

[61] J. Harwell, J. Burch, A. Fikouras, M. C. Gather, A. Di Falco, and I. D. W. 

Samuel, "Patterning Multicolor Hybrid Perovskite Films via Top-Down 

Lithography",  ACS Nano 2019, vol. 13, no. 4, pp. 3823-3829, doi: 

http://doi.org/10.1021/acsnano.8b09592 

[62] C. H. Lin, B. Cheng, T. Y. Li, J. R. D. Retamal, T. C. Wei, H. C. Fu, X. Fang, and 

J. H. He, "Orthogonal Lithography for Halide Perovskite Optoelectronic 

Nanodevices",  ACS Nano 2019, vol. 13, no. 2, pp. 1168-1176, doi: 

http://doi.org/10.1021/acsnano.8b05859 

[63] E. L. Unger, O. Shargaieva, S. Braunger, and P. Docampo, "CHAPTER 4 

Solution-processed Solar Cells: Perovskite Solar Cells," in Solar Energy Capture 

Materials: The Royal Society of Chemistry, 2019, pp. 153-192. 

[64] Y. Zhang, T. D. Siegler, C. J. Thomas, M. K. Abney, T. Shah, A. De Gorostiza, 

R. M. Greene, and B. A. Korgel, "A “Tips and Tricks” Practical Guide to the 

Synthesis of Metal Halide Perovskite Nanocrystals",  Chemistry of Materials 

2020, vol. 32, no. 13, pp. 5410-5423, doi: 

http://doi.org/10.1021/acs.chemmater.0c01735 

[65] D. Lyashenko, A. Perez, and A. Zakhidov, "High-resolution patterning of 

organohalide lead perovskite pixels for photodetectors using orthogonal 

photolithography",  Physica Status Solidi A 2017, vol. 214, no. 1, p. 1600302, doi: 

http://doi.org/10.1002/pssa.201600302 

[66] L. Dou, M. Lai, C. S. Kley, Y. Yang, C. G. Bischak, D. Zhang, S. W. Eaton, N. S. 

Ginsberg, and P. Yang, "Spatially resolved multicolor CsPbX3 nanowire 

heterojunctions via anion exchange",  Proceedings of the National Academy of 

Sciences of the United States of America 2017, vol. 114, no. 28, pp. 7216-7221, 

doi: http://doi.org/10.1073/pnas.1703860114 

[67] N. Zhang, W. Sun, S. P. Rodrigues, K. Wang, Z. Gu, S. Wang, W. Cai, S. Xiao, 

and Q. Song, "Highly Reproducible Organometallic Halide Perovskite 

Microdevices based on Top-Down Lithography",  Advanced Materials 2017, vol. 

29, no. 15, p. 1606205, doi: http://doi.org/10.1002/adma.201606205 

http://doi.org/10.1021/acsnano.2c02795
http://doi.org/10.1038/s41566-022-00978-0
http://doi.org/10.1038/nphoton.2013.32
http://doi.org/10.1039/d1nr08088a
http://doi.org/10.1021/acsnano.8b09592
http://doi.org/10.1021/acsnano.8b05859
http://doi.org/10.1021/acs.chemmater.0c01735
http://doi.org/10.1002/pssa.201600302
http://doi.org/10.1073/pnas.1703860114
http://doi.org/10.1002/adma.201606205


[68] B. E. A. Saleh and M. C. Teich, Fundamentals of Photonics. Somerset, USA: 

John Wiley & Sons, Incorporated, 2013. 

[69] G. Nedelcu, L. Protesescu, S. Yakunin, M. I. Bodnarchuk, M. J. Grotevent, and 

M. V. Kovalenko, "Fast Anion-Exchange in Highly Luminescent Nanocrystals of 

Cesium Lead Halide Perovskites (CsPbX3, X = Cl, Br, I)",  Nano Letters 2015, 

vol. 15, no. 8, pp. 5635-40, doi: http://doi.org/10.1021/acs.nanolett.5b02404 

[70] S. M. Sze and K. N. Kwok, Physics of Semiconductor Devices. Wiley-

Interscience, 2007. 

[71] U. W. Pohl, Epitaxy of Semiconductors (Graduate Texts in Physics). 2013. 

[72] P. Y. C. Yu, Manuel, Fundamentals of Semiconductors (Graduate Texts in 

Physics). 2010. 

[73] W. Shockley, "The Theory of p-n Junctions in Semiconductors and p-n Junction 

Transistors",  Bell System Technical Journal 1949, vol. 28, no. 3, pp. 435-489, 

doi: http://doi.org/10.1002/j.1538-7305.1949.tb03645.x 

[74] C. T. Sah, R. N. Noyce, and W. Shockley, "Carrier Generation and 

Recombination in P-N Junctions and P-N Junction Characteristics",  Proceedings 

of the Institute of Radio Engineers 1957, vol. 45, no. 9, pp. 1228-1243, doi: 

http://doi.org/10.1109/Jrproc.1957.278528 

[75] E. Amerling, H. P. Lu, B. W. Larson, A. E. Maughan, A. Phillips, E. Lafalce, L. 

Whittaker-Brooks, J. J. Berry, M. C. Beard, Z. V. Vardeny et al., "A Multi-

Dimensional Perspective on Electronic Doping in Metal Halide Perovskites",  

ACS Energy Letters 2021, vol. 6, no. 3, pp. 1104-1123, doi: 

http://doi.org/10.1021/acsenergylett.0c02476 

[76] W. Shockley and W. T. Read, "Statistics of the Recombinations of Holes and 

Electrons",  Physical Review 1952, vol. 87, no. 5, pp. 835-842, doi: 

http://doi.org/10.1103/PhysRev.87.835 

[77] R. N. Hall, "Electron-Hole Recombination in Germanium",  Physical Review 

1952, vol. 87, no. 2, pp. 387-387, doi: http://doi.org/10.1103/PhysRev.87.387 

[78] B. M. Kayes, H. Nie, R. Twist, S. G. Spruytte, F. Reinhardt, I. C. Kizilyalli, and 

G. S. Higashi, "27.6% Conversion efficiency, a new record for single-junction 

solar cells under 1 sun illumination", in 2011 37th IEEE Photovoltaic Specialists 

Conference, 2011, pp. 000004-000008, doi: 

http://doi.org/10.1109/PVSC.2011.6185831 

[79] T. Chen, P. Catrysse, A. El Gamal, and B. Wandell, "How small should pixel size 

be?", in Electronic Imaging, 2000, vol. 3965: SPIE, doi: 

http://doi.org/10.1117/12.385463 

[80] F. Xiao, J. Farrell, P. Catrysse, and B. Wandell, "Mobile imaging: the big 

challenge of the small pixel", in IS&T/SPIE Electronic Imaging, 2009, vol. 7250: 

SPIE, doi: http://doi.org/10.1117/12.806616 

[81] B. J. Lechner, F. J. Marlowe, E. O. Nester, and J. Tults, "Liquid Crystal Matrix 

Displays",  Proceedings of the Institute of Electrical and Electronics Engineers 

1971, vol. 59, no. 11, pp. 1566-&, doi: http://doi.org/10.1109/Proc.1971.8489 

[82] E. S. Eid, "Study of limitations on pixel size of very high resolution image 

sensors", in Proceedings of the Eighteenth National Radio Science Conference. 

http://doi.org/10.1021/acs.nanolett.5b02404
http://doi.org/10.1002/j.1538-7305.1949.tb03645.x
http://doi.org/10.1109/Jrproc.1957.278528
http://doi.org/10.1021/acsenergylett.0c02476
http://doi.org/10.1103/PhysRev.87.835
http://doi.org/10.1103/PhysRev.87.387
http://doi.org/10.1109/PVSC.2011.6185831
http://doi.org/10.1117/12.385463
http://doi.org/10.1117/12.806616
http://doi.org/10.1109/Proc.1971.8489


NRSC'2001 (IEEE Cat. No.01EX462), 2001, vol. 1, pp. 15-28 vol.1, doi: 

http://doi.org/10.1109/NRSC.2001.929154 

[83] R. S. Wagner and W. C. Ellis, "Vapor-Liquid-Solid Mechanism of Single Crystal 

Growth",  Applied Physics Letters 1964, vol. 4, no. 5, pp. 89-90, doi: 

http://doi.org/10.1063/1.1753975 

[84] Y. Wu and P. Yang, "Direct Observation of Vapor−Liquid−Solid Nanowire 

Growth",  Journal of the American Chemical Society 2001, vol. 123, no. 13, pp. 

3165-3166, doi: http://doi.org/10.1021/ja0059084 

[85] H. Temkin, B. V. Dutt, and W. A. Bonner, "Photoluminescence study of native 

defects in InP",  Applied Physics Letters 1981, vol. 38, no. 6, pp. 431-433, doi: 

http://doi.org/10.1063/1.92386 

[86] G. Hirt, D. Hofmann, F. Mosel, N. Schäfer, and G. Müller, "Compensation 

mechanisms in nominally undoped semi-insulating InP and comparison with 

undoped InP grown under stoichiometry control",  Journal of Electronic 

Materials 1991, vol. 20, no. 12, pp. 1065-1068, doi: 

http://doi.org/10.1007/bf03030208 

[87] D. Hausmann, J. Becker, S. Wang, and R. G. Gordon, "Rapid vapor deposition of 

highly conformal silica nanolaminates",  Science 2002, vol. 298, no. 5592, pp. 

402-6, doi: http://doi.org/10.1126/science.1073552 

[88] L. Hrachowina, X. S. Zou, Y. Chen, Y. W. Zhang, E. Barrigón, A. Yartsev, and 

M. T. Borgström, "Imaging the influence of oxides on the electrostatic potential 

of photovoltaic InP nanowires",  Nano Research 2021, vol. 14, no. 11, pp. 4087-

4092, doi: http://doi.org/10.1007/s12274-021-3344-9 

[89] Y. C. Wenas, S. Mokkapati, H. H. Tan, and C. Jagadish, "Extremely high short-

circuit current density in vertical single nanowire solar cells", in 2014 Conference 

on Optoelectronic and Microelectronic Materials & Devices, 2014, pp. 77-78, 

doi: http://doi.org/10.1109/COMMAD.2014.7038656 

[90] W. Shockley and H. J. Queisser, "Detailed Balance Limit of Efficiency of p-n 

Junction Solar Cells",  Journal of Applied Physics 1961, vol. 32, no. 3, pp. 510-

519, doi: http://doi.org/10.1063/1.1736034 

[91] N. M. Shmidt, "INDIUM PHOSPHIDE (InP)," in Handbook Series on 

Semiconductor Parameters, 1996, pp. 169-190. 

[92] Y. P. Varshni, "Temperature dependence of the energy gap in semiconductors",  

Physica 1967, vol. 34, no. 1, pp. 149-154, doi: http://doi.org/10.1016/0031-

8914(67)90062-6 

[93] A. Jash, A. Yangui, S. Lehmann, I. G. Scheblykin, K. A. Dick, A. Gustafsson, 

and M. E. Pistol, "Time-resolved photoluminescence studies of single interface 

wurtzite/zincblende heterostructured InP nanowires",  Applied Physics Letters 

2022, vol. 120, no. 11, doi: http://doi.org/10.1063/5.0083159 

[94] A. De and C. E. Pryor, "Predicted band structures of III-V semiconductors in the 

wurtzite phase",  Physical Review B 2010, vol. 81, no. 15, doi: 

http://doi.org/10.1103/PhysRevB.81.155210 

[95] A. Mishra, L. V. Titova, T. B. Hoang, H. E. Jackson, L. M. Smith, J. M. Yarrison-

Rice, Y. Kim, H. J. Joyce, Q. Gao, H. H. Tan et al., "Polarization and temperature 

dependence of photoluminescence from zincblende and wurtzite InP nanowires",  

http://doi.org/10.1109/NRSC.2001.929154
http://doi.org/10.1063/1.1753975
http://doi.org/10.1021/ja0059084
http://doi.org/10.1063/1.92386
http://doi.org/10.1007/bf03030208
http://doi.org/10.1126/science.1073552
http://doi.org/10.1007/s12274-021-3344-9
http://doi.org/10.1109/COMMAD.2014.7038656
http://doi.org/10.1063/1.1736034
http://doi.org/10.1016/0031-8914(67)90062-6
http://doi.org/10.1016/0031-8914(67)90062-6
http://doi.org/10.1063/5.0083159
http://doi.org/10.1103/PhysRevB.81.155210


Applied Physics Letters 2007, vol. 91, no. 26, doi: 

http://doi.org/10.1063/1.2828034 

[96] J. Wallentin, K. Mergenthaler, M. Ek, L. R. Wallenberg, L. Samuelson, K. 

Deppert, M. E. Pistol, and M. T. Borgström, "Probing the wurtzite conduction 

band structure using state filling in highly doped InP nanowires",  Nano Letters 

2011, vol. 11, no. 6, pp. 2286-90, doi: http://doi.org/10.1021/nl200492g 

[97] H. H. Solak, C. Dais, and F. Clube, "Displacement Talbot lithography: a new 

method for high-resolution patterning of large areas",  Optics Express 2011, vol. 

19, no. 11, pp. 10686-91, doi: http://doi.org/10.1364/OE.19.010686 

[98] B. Hecht, B. Sick, U. P. Wild, V. Deckert, R. Zenobi, O. J. F. Martin, and D. W. 

Pohl, "Scanning near-field optical microscopy with aperture probes: 

Fundamentals and applications",  Journal of Chemical Physics 2000, vol. 112, no. 

18, pp. 7761-7774, doi: http://doi.org/10.1063/1.481382 

[99] B. H. Jia, X. S. Gan, and M. Gu, "Direct observation of a pure focused evanescent 

field of a high numerical aperture objective lens by scanning near-field optical 

microscopy",  Applied Physics Letters 2005, vol. 86, no. 13, doi: 

http://doi.org/10.1063/1.1886250 

[100] G. Brost, P. D. Horn, and A. Abtahi, "Convenient spatial profiling of pulsed laser 

beams",  Applied Optics 1985, vol. 24, no. 1, pp. 38-40, doi: 

http://doi.org/10.1364/ao.24.000038 

[101] M. A. de Araujo, R. Silva, E. de Lima, D. P. Pereira, and P. C. de Oliveira, 

"Measurement of Gaussian laser beam radius using the knife-edge technique: 

improvement on data analysis",  Applied Optics 2009, vol. 48, no. 2, pp. 393-6, 

doi: http://doi.org/10.1364/ao.48.000393 

[102] J. M. Khosrofian and B. A. Garetz, "Measurement of a Gaussian laser beam 

diameter through the direct inversion of knife-edge data",  Applied Optics 1983, 

vol. 22, no. 21, p. 3406, doi: http://doi.org/10.1364/ao.22.003406 

[103] A. H. Firester, M. E. Heller, and P. Sheng, "Knife-edge scanning measurements 

of subwavelength focused light beams",  Applied Optics 1977, vol. 16, no. 7, pp. 

1971-4, doi: http://doi.org/10.1364/AO.16.001971 

[104] A. E. Siegman, M. W. Sasnett, and T. F. Johnston, "Choice of Clip Levels for 

Beam Width Measurements Using Knife-Edge Techniques",  IEEE Journal of 

Quantum Electronics 1991, vol. 27, no. 4, pp. 1098-1104, doi: 

http://doi.org/10.1109/3.83346 

[105] J. J. Chapman, B. G. Norton, E. W. Streed, and D. Kielpinski, "An automated 

submicron beam profiler for characterization of high numerical aperture optics",  

Review of Scientific Instruments 2008, vol. 79, no. 9, p. 095106, doi: 

http://doi.org/10.1063/1.2991112 

[106] X. S. Xie, L. Li, S. C. Wang, Z. X. Wang, and J. Y. Zhou, "Three-dimensional 

measurement of a tightly focused laser beam",  AIP Advances 2013, vol. 3, no. 2, 

doi: http://doi.org/10.1063/1.4791764 

[107] J. Trägårdh, K. Macrae, C. Travis, R. Amor, G. Norris, S. H. Wilson, G. L. Oppo, 

and G. McConnell, "A simple but precise method for quantitative measurement of 

the quality of the laser focus in a scanning optical microscope",  Journal of 

http://doi.org/10.1063/1.2828034
http://doi.org/10.1021/nl200492g
http://doi.org/10.1364/OE.19.010686
http://doi.org/10.1063/1.481382
http://doi.org/10.1063/1.1886250
http://doi.org/10.1364/ao.24.000038
http://doi.org/10.1364/ao.48.000393
http://doi.org/10.1364/ao.22.003406
http://doi.org/10.1364/AO.16.001971
http://doi.org/10.1109/3.83346
http://doi.org/10.1063/1.2991112
http://doi.org/10.1063/1.4791764


Microscopy 2015, vol. 259, no. 1, pp. 66-73, doi: 

http://doi.org/10.1111/jmi.12249 

[108] D. K. Cohen, B. Little, and F. S. Luecke, "Techniques for measuring 1-µm diam 

Gaussian beams",  Applied Optics 1984, vol. 23, no. 4, p. 637, doi: 

http://doi.org/10.1364/ao.23.000637 

[109] M. B. Schneider and W. W. Webb, "Measurement of submicron laser beam 

radii",  Applied Optics 1981, vol. 20, no. 8, pp. 1382-8, doi: 

http://doi.org/10.1364/AO.20.001382 

[110] T. Bauer, S. Orlov, U. Peschel, P. Banzer, and G. Leuchs, "Nanointerferometric 

amplitude and phase reconstruction of tightly focused vector beams",  Nature 

Photonics 2013, vol. 8, no. 1, pp. 23-27, doi: 

http://doi.org/10.1038/nphoton.2013.289 

[111] H. Dierks, P. Stjärneblad, and J. Wallentin, "A versatile laboratory setup for high 

resolution X-ray phase contrast tomography and scintillator characterization",  

Journal of  X-Ray Science and Technology 2023, vol. 31, no. 1, pp. 1-12, doi: 

http://doi.org/10.3233/XST-221294 

[112] International Organization for Standardization, Lasers and laser-related 

equipment — Test methods for laser beam widths, divergence angles and beam 

propagation ratios — Part 1: Stigmatic and simple astigmatic beams, 2021. 

https://www.iso.org/standard/77769.html 

[113] A. S. Shikoh and A. Polyakov, "A Quantitative Analysis of the Research Trends 

in Perovskite Solar Cells in 2009–2019",  Physica Status Solidi A 2020, vol. 217, 

no. 23, doi: http://doi.org/10.1002/pssa.202000441 

[114] Y. Li, Y. Duan, J. Feng, Y. Sun, K. Wang, H. Li, H. Wang, Z. Zang, H. Zhou, D. 

Xu et al., "25.71 %-Efficiency FACsPbI3 Perovskite Solar Cells Enabled by A 

Thiourea-based Isomer",  Angewandte Chemie International Edition 2024, vol. 

63, no. 49, p. e202410378, doi: http://doi.org/10.1002/anie.202410378 

[115] N. R. E. Laboratory. (2025). Best Research-Cell Efficiency Chart. Available: 

https://www.nrel.gov/pv/cell-efficiency.html 

[116] Z. Li, T. R. Klein, D. H. Kim, M. J. Yang, J. J. Berry, M. F. A. M. van Hest, and 

K. Zhu, "Scalable fabrication of perovskite solar cells",  Nature Reviews 

Materials 2018, vol. 3, no. 4, p. 18017, Art. no. 18017, doi: 

http://doi.org/10.1038/natrevmats.2018.17 

[117] A. Dey, J. Ye, A. De, E. Debroye, S. K. Ha, E. Bladt, A. S. Kshirsagar, Z. Wang, 

J. Yin, Y. Wang et al., "State of the Art and Prospects for Halide Perovskite 

Nanocrystals",  ACS Nano 2021, vol. 15, no. 7, pp. 10775-10981, doi: 

http://doi.org/10.1021/acsnano.0c08903 

[118] Q. Zhang, D. Zhang, L. Gu, K. H. Tsui, S. Poddar, Y. Fu, L. Shu, and Z. Fan, 

"Three-Dimensional Perovskite Nanophotonic Wire Array-Based Light-Emitting 

Diodes with Significantly Improved Efficiency and Stability",  ACS Nano 2020, 

vol. 14, no. 2, pp. 1577-1585, doi: http://doi.org/10.1021/acsnano.9b06663 

[119] Q. Zhang, M. M. Tavakoli, L. Gu, D. Zhang, L. Tang, Y. Gao, J. Guo, Y. Lin, S. 

F. Leung, S. Poddar et al., "Efficient metal halide perovskite light-emitting diodes 

with significantly improved light extraction on nanophotonic substrates",  Nature 

http://doi.org/10.1111/jmi.12249
http://doi.org/10.1364/ao.23.000637
http://doi.org/10.1364/AO.20.001382
http://doi.org/10.1038/nphoton.2013.289
http://doi.org/10.3233/XST-221294
https://www.iso.org/standard/77769.html
http://doi.org/10.1002/pssa.202000441
http://doi.org/10.1002/anie.202410378
https://www.nrel.gov/pv/cell-efficiency.html
http://doi.org/10.1038/natrevmats.2018.17
http://doi.org/10.1021/acsnano.0c08903
http://doi.org/10.1021/acsnano.9b06663


Communications 2019, vol. 10, no. 1, p. 727, doi: http://doi.org/10.1038/s41467-

019-08561-y 

[120] O. Bar‐On, P. Brenner, U. Lemmer, and J. Scheuer, "Micro Lasers by Scalable 

Lithography of Metal‐Halide Perovskites",  Advanced Materials Technologies 

2018, vol. 3, no. 12, p. 1800212, doi: http://doi.org/10.1002/admt.201800212 

[121] N. Zhang, K. Wang, H. Wei, Z. Gu, W. Sun, J. Li, S. Xiao, and Q. Song, 

"Postsynthetic and Selective Control of Lead Halide Perovskite Microlasers",  

Journal of Physical Chemistry Letters 2016, vol. 7, no. 19, pp. 3886-3891, doi: 

http://doi.org/10.1021/acs.jpclett.6b01751 

[122] J. Z. Song, Q. Z. Cui, J. H. Li, J. Y. Xu, Y. Wang, L. M. Xu, J. Xue, Y. H. Dong, 

T. Tian, H. D. Sun et al., "Ultralarge All-Inorganic Perovskite Bulk Single Crystal 

for High-Performance Visible-Infrared Dual-Modal Photodetectors",  Advanced 

Optical Materials 2017, vol. 5, no. 12, p. 1700157, doi: 

http://doi.org/10.1002/adom.201700157 

[123] W. Lee, J. Lee, H. Yun, J. Kim, J. Park, C. Choi, D. C. Kim, H. Seo, H. Lee, J. W. 

Yu et al., "High-Resolution Spin-on-Patterning of Perovskite Thin Films for a 

Multiplexed Image Sensor Array",  Advanced Materials 2017, vol. 29, no. 40, p. 

1702902, doi: http://doi.org/10.1002/adma.201702902 

[124] Z. Li, Z. Li, Z. Shi, and X. Fang, "Facet‐Dependent, Fast Response, and 

Broadband Photodetector Based on Highly Stable All‐Inorganic CsCu2I3 Single 

Crystal with 1D Electronic Structure",  Advanced Functional Materials 2020, vol. 

30, no. 28, p. 2002634, doi: http://doi.org/10.1002/adfm.202002634 

[125] J. H. Heo, D. H. Shin, J. K. Park, D. H. Kim, S. J. Lee, and S. H. Im, "High-

Performance Next-Generation Perovskite Nanocrystal Scintillator for 

Nondestructive X-Ray Imaging",  Adv Mater 2018, p. e1801743, doi: 

http://doi.org/10.1002/adma.201801743 

[126] Z. Zhang, H. Dierks, N. Lamers, C. Sun, K. Novakova, C. Hetherington, I. G. 

Scheblykin, and J. Wallentin, "Single-Crystalline Perovskite Nanowire Arrays for 

Stable X-ray Scintillators with Micrometer Spatial Resolution",  ACS Applied 

Nano Materials 2022, vol. 5, no. 1, pp. 881-889, doi: 

http://doi.org/10.1021/acsanm.1c03575 

[127] D. Zhang, Y. Yang, Y. Bekenstein, Y. Yu, N. A. Gibson, A. B. Wong, S. W. 

Eaton, N. Kornienko, Q. Kong, M. Lai et al., "Synthesis of Composition Tunable 

and Highly Luminescent Cesium Lead Halide Nanowires through Anion-

Exchange Reactions",  Journal of the American Chemical Society 2016, vol. 138, 

no. 23, pp. 7236-9, doi: http://doi.org/10.1021/jacs.6b03134 

[128] Y. Tong, E. Bladt, M. F. Aygüler, A. Manzi, K. Z. Milowska, V. A. Hintermayr, 

P. Docampo, S. Bals, A. S. Urban, L. Polavarapu et al., "Highly Luminescent 

Cesium Lead Halide Perovskite Nanocrystals with Tunable Composition and 

Thickness by Ultrasonication",  Angewandte Chemie International Edition 2016, 

vol. 55, no. 44, pp. 13887-13892, doi: http://doi.org/10.1002/anie.201605909 

[129] X. Chen, H. W. Hu, Z. M. Xia, W. Gao, W. Y. Gou, Y. Q. Qu, and Y. Y. Ma, 

"CsPbBr perovskite nanocrystals as highly selective and sensitive 

spectrochemical probes for gaseous HCl detection",  Journal of Materials 

http://doi.org/10.1038/s41467-019-08561-y
http://doi.org/10.1038/s41467-019-08561-y
http://doi.org/10.1002/admt.201800212
http://doi.org/10.1021/acs.jpclett.6b01751
http://doi.org/10.1002/adom.201700157
http://doi.org/10.1002/adma.201702902
http://doi.org/10.1002/adfm.202002634
http://doi.org/10.1002/adma.201801743
http://doi.org/10.1021/acsanm.1c03575
http://doi.org/10.1021/jacs.6b03134
http://doi.org/10.1002/anie.201605909


Chemistry C 2017, vol. 5, no. 2, pp. 309-313, doi: 

http://doi.org/10.1039/c6tc04136a 

[130] G. Zhang, P. Song, Z. Shen, B. Qiao, D. Song, J. Cao, Z. Xu, W. Swelm, A. Al-

Ghamdi, and S. Zhao, "CsPbBr3@CsPbBr3-xClx Perovskite Core-Shell 

Heterojunction Nanowires via a Postsynthetic Method with HCl Gas",  ACS 

Omega 2020, vol. 5, no. 20, pp. 11578-11584, doi: 

http://doi.org/10.1021/acsomega.0c00824 

[131] D. Parobek, Y. Dong, T. Qiao, D. Rossi, and D. H. Son, "Photoinduced Anion 

Exchange in Cesium Lead Halide Perovskite Nanocrystals",  Journal of the 

American Chemical Society 2017, vol. 139, no. 12, pp. 4358-4361, doi: 

http://doi.org/10.1021/jacs.7b01480 

[132] L. J. Xu, M. Worku, Q. He, H. Lin, C. Zhou, B. Chen, X. Lin, Y. Xin, and B. Ma, 

"Ligand-Mediated Release of Halides for Color Tuning of Perovskite 

Nanocrystals with Enhanced Stability",  Journal of Physical Chemistry Letters 

2019, vol. 10, no. 19, pp. 5836-5840, doi: 

http://doi.org/10.1021/acs.jpclett.9b02431 

[133] D. Pan, Y. Fu, J. Chen, K. J. Czech, J. C. Wright, and S. Jin, "Visualization and 

Studies of Ion-Diffusion Kinetics in Cesium Lead Bromide Perovskite 

Nanowires",  Nano Letters 2018, vol. 18, no. 3, pp. 1807-1813, doi: 

http://doi.org/10.1021/acs.nanolett.7b05023 

[134] Y. Fujii, S. Hoshino, Y. Yamada, and G. Shirane, "Neutron-Scattering Study on 

Phase-Transitions of CsPbCl3",  Physical Review B 1974, vol. 9, no. 10, pp. 4549-

4559, doi: http://doi.org/10.1103/PhysRevB.9.4549 

[135] S. Hirotsu, J. Harada, M. Iizumi, and K. Gesi, "Structural Phase-Transitions in 

CsPbBr3",  Journal of the Physical Society of Japan 1974, vol. 37, no. 5, pp. 

1393-1398, doi: http://doi.org/10.1143/Jpsj.37.1393 

[136] H. Ohta, J. Harada, and S. Hirotsu, "Superstructure and Phase-Transitions in 

CsPbCl3",  Solid State Communications 1973, vol. 13, no. 12, pp. 1969-1972, doi: 

http://doi.org/10.1016/0038-1098(73)90011-2 

[137] S. Plesko, R. Kind, and J. Roos, "Structural Phase-Transitions in Cspbcl3 and 

Rbcdcl3",  Journal of the Physical Society of Japan 1978, vol. 45, no. 2, pp. 553-

557, doi: http://doi.org/10.1143/Jpsj.45.553 

[138] Z. Zhang, K. Suchan, J. Li, C. Hetherington, A. Kiligaridis, E. Unger, I. G. 

Scheblykin, and J. Wallentin, "Vertically Aligned CsPbBr3 Nanowire Arrays with 

Template-Induced Crystal Phase Transition and Stability",  Journal of Physical 

Chemistry C 2021, vol. 125, no. 8, pp. 4860-4868, doi: 

http://doi.org/10.1021/acs.jpcc.0c11217 

[139] P. Jastrzebska-Perfect, W. Zhu, M. Saravanapavanantham, Z. Li, S. O. Spector, R. 

Brenes, P. F. Satterthwaite, R. J. Ram, and F. Niroui, "On-site growth of 

perovskite nanocrystal arrays for integrated nanodevices",  Nature 

Communications 2023, vol. 14, no. 1, p. 3883, doi: http://doi.org/10.1038/s41467-

023-39488-0 

[140] A. A. Petrov, A. A. Ordinartsev, S. A. Fateev, E. A. Goodilin, and A. B. Tarasov, 

"Solubility of Hybrid Halide Perovskites in DMF and DMSO",  Molecules 2021, 

vol. 26, no. 24, doi: http://doi.org/10.3390/molecules26247541 

http://doi.org/10.1039/c6tc04136a
http://doi.org/10.1021/acsomega.0c00824
http://doi.org/10.1021/jacs.7b01480
http://doi.org/10.1021/acs.jpclett.9b02431
http://doi.org/10.1021/acs.nanolett.7b05023
http://doi.org/10.1103/PhysRevB.9.4549
http://doi.org/10.1143/Jpsj.37.1393
http://doi.org/10.1016/0038-1098(73)90011-2
http://doi.org/10.1143/Jpsj.45.553
http://doi.org/10.1021/acs.jpcc.0c11217
http://doi.org/10.1038/s41467-023-39488-0
http://doi.org/10.1038/s41467-023-39488-0
http://doi.org/10.3390/molecules26247541


[141] S. Cheng and H. Zhong, "What Happens When Halide Perovskites Meet with 

Water?",  Journal of Physical Chemistry Letters 2022, vol. 13, no. 10, pp. 2281-

2290, doi: http://doi.org/10.1021/acs.jpclett.2c00166 

[142] A. Kirakosyan, Y. Kim, M. R. Sihn, M. G. Jeon, J. R. Jeong, and J. Choi, 

"Solubility‐Controlled Room‐Temperature Synthesis of Cesium Lead Halide 

Perovskite Nanocrystals",  ChemNanoMat 2020, vol. 6, no. 12, pp. 1863-1869, 

doi: http://doi.org/10.1002/cnma.202000471 

[143] B. Li, D. Binks, G. Cao, and J. Tian, "Engineering Halide Perovskite Crystals 

through Precursor Chemistry",  Small 2019, vol. 15, no. 47, p. e1903613, doi: 

http://doi.org/10.1002/smll.201903613 

[144] J. S. Manser, M. I. Saidaminov, J. A. Christians, O. M. Bakr, and P. V. Kamat, 

"Making and Breaking of Lead Halide Perovskites",  Accounts of Chemical 

Research 2016, vol. 49, no. 2, pp. 330-8, doi: 

http://doi.org/10.1021/acs.accounts.5b00455 

[145] H. Dierks, Z. Zhang, N. Lamers, and J. Wallentin, "3D X-ray microscopy with a 

CsPbBr3 nanowire scintillator",  Nano Research 2022, vol. 16, no. 1, pp. 1084-

1089, doi: http://doi.org/10.1007/s12274-022-4633-7 

[146] M. Gandini, I. Villa, M. Beretta, C. Gotti, M. Imran, F. Carulli, E. Fantuzzi, M. 

Sassi, M. Zaffalon, C. Brofferio et al., "Efficient, fast and reabsorption-free 

perovskite nanocrystal-based sensitized plastic scintillators",  Nature 

Nanotechnology 2020, vol. 15, no. 6, pp. 462-468, doi: 

http://doi.org/10.1038/s41565-020-0683-8 

[147] W. F. Fu, A. G. Ricciardulli, Q. A. Akkerman, R. A. John, M. M. Tavakoli, S. 

Essig, M. V. Kovalenko, and M. Saliba, "Stability of perovskite materials and 

devices",  Materials Today 2022, vol. 58, pp. 275-296, doi: 

http://doi.org/10.1016/j.mattod.2022.06.020 

[148] L. Vegard, "Die Konstitution der Mischkristalle und die Raumfüllung der 

Atome",  Zeitschrift für Physik 1921, vol. 5, no. 1, pp. 17-26, doi: 

http://doi.org/10.1007/bf01349680 

[149] T. G. Liashenko, E. D. Cherotchenko, A. P. Pushkarev, V. Pakstas, A. 

Naujokaitis, S. A. Khubezhov, R. G. Polozkov, K. B. Agapev, A. A. Zakhidov, I. 

A. Shelykh et al., "Electronic structure of CsPbBr3-xClx perovskites: synthesis, 

experimental characterization, and DFT simulations",  Physical Chemistry 

Chemical Physics 2019, vol. 21, no. 35, pp. 18930-18938, doi: 

http://doi.org/10.1039/c9cp03656c 

[150] H. Buff, "Ueber das electrische Verhalten des Aluminiums",  Annalen der Chemie 

und Pharmacie 1857, vol. 102, no. 3, pp. 265-284, doi: 

http://doi.org/10.1002/jlac.18571020302 

[151] G. E. Thompson, "Porous anodic alumina: Fabrication, characterization and 

applications",  Thin Solid Films 1997, vol. 297, no. 1-2, pp. 192-201, doi: 

http://doi.org/10.1016/S0040-6090(96)09440-0 

[152] H. Masuda and K. Fukuda, "Ordered metal nanohole arrays made by a two-step 

replication of honeycomb structures of anodic alumina",  Science 1995, vol. 268, 

no. 5216, pp. 1466-8, doi: http://doi.org/10.1126/science.268.5216.1466 

http://doi.org/10.1021/acs.jpclett.2c00166
http://doi.org/10.1002/cnma.202000471
http://doi.org/10.1002/smll.201903613
http://doi.org/10.1021/acs.accounts.5b00455
http://doi.org/10.1007/s12274-022-4633-7
http://doi.org/10.1038/s41565-020-0683-8
http://doi.org/10.1016/j.mattod.2022.06.020
http://doi.org/10.1007/bf01349680
http://doi.org/10.1039/c9cp03656c
http://doi.org/10.1002/jlac.18571020302
http://doi.org/10.1016/S0040-6090(96)09440-0
http://doi.org/10.1126/science.268.5216.1466


[153] Y. Chen, G. Chen, Z. Zhou, X. Li, P. Ma, L. Li, W. Yin, H. Zeng, and G. Zou, 

"Amplifying Surface Energy Difference toward Anisotropic Growth of All‐

Inorganic Perovskite Single‐Crystal Wires for Highly Sensitive Photodetector",  

Advanced Functional Materials 2021, vol. 31, no. 31, doi: 

http://doi.org/10.1002/adfm.202101966 

[154] J. W. Mullin, "Crystal growth," in Crystallization, J. W. Mullin, Ed. Oxford: 

Butterworth-Heinemann, 2001, pp. 216-288. 

[155] I. Y. Evchuk, R. I. Musii, R. G. Makitra, and R. E. Pristanskii, "Solubility of 

polymethyl methacrylate in organic solvents",  Russian Journal of Applied 

Chemistry 2005, vol. 78, no. 10, pp. 1576-1580, doi: 

http://doi.org/10.1007/s11167-005-0564-9 

[156] M. Lai, A. Obliger, D. Lu, C. S. Kley, C. G. Bischak, Q. Kong, T. Lei, L. Dou, N. 

S. Ginsberg, D. T. Limmer et al., "Intrinsic anion diffusivity in lead halide 

perovskites is facilitated by a soft lattice",  Proceedings of the National Academy 

of Sciences of the United States of America 2018, vol. 115, no. 47, pp. 11929-

11934, doi: http://doi.org/10.1073/pnas.1812718115 

[157] Y. P. Liu, N. Lamers, Z. Zhang, N. Zaiats, A. Mikkelsen, J. Wallentin, R. 

Dittmann, and R. Timm, "Ion Migration and Redox Reactions in Axial 

Heterojunction Perovskite CsPb(Br(1-x)Clx)(3) Nanowire Devices Revealed by 

Operando Nanofocused X-ray Photoelectron Spectroscopy",  ACS Nano 2024, 

vol. 18, no. 51, pp. 34763-34775, doi: http://doi.org/10.1021/acsnano.4c11458 

[158] Y. Luo, P. Khoram, S. Brittman, Z. Zhu, B. Lai, S. P. Ong, E. C. Garnett, and D. 

P. Fenning, "Direct Observation of Halide Migration and its Effect on the 

Photoluminescence of Methylammonium Lead Bromide Perovskite Single 

Crystals",  Advanced Materials 2017, vol. 29, no. 43, doi: 

http://doi.org/10.1002/adma.201703451 

[159] M. Shahjahan, K. i. Yuyama, T. Okamoto, and V. Biju, "Heterojunction 

Perovskite Microrods Prepared by Remote‐Controlled Vacancy Filling and Halide 

Exchange",  Advanced Materials Technologies 2021, vol. 6, no. 2, p. 2000934, 

doi: http://doi.org/10.1002/admt.202000934 

[160] J. J. Fritz and C. R. Fuget, "Vapor Pressure of Aqueous Hydrogen Chloride 

Solutions, 0° to 50° C",  Industrial & Engineering Chemistry Chemical & 

Engineering Data Series 2002, vol. 1, no. 1, pp. 10-12, doi: 

http://doi.org/10.1021/i460001a002 

[161] J. H. Hubbell, P. N. Trehan, N. Singh, B. Chand, D. Mehta, M. L. Garg, R. R. 

Garg, S. Singh, and S. Puri, "A Review, Bibliography, and Tabulation of K, L, 

and Higher Atomic Shell X-Ray-Fluorescence Yields",  Journal of Physical and 

Chemical Reference Data 1994, vol. 23, no. 2, pp. 339-364, doi: 

http://doi.org/10.1063/1.555955 

[162] A. Fick, "Ueber Diffusion",  Annalen der Physik 1855, vol. 170, no. 1, pp. 59-86, 

doi: http://doi.org/10.1002/andp.18551700105 

[163] J. Crank, The Mathematics of Diffusion, 2nd edition ed. Oxford, UK: Clarendon 

Press, 1975. 

[164] S. Hammarberg, L. A. B. Marcal, N. Lamers, Z. Zhang, H. Chen, A. Bjorling, and 

J. Wallentin, "Nanoscale X-ray Imaging of Composition and Ferroelastic 

http://doi.org/10.1002/adfm.202101966
http://doi.org/10.1007/s11167-005-0564-9
http://doi.org/10.1073/pnas.1812718115
http://doi.org/10.1021/acsnano.4c11458
http://doi.org/10.1002/adma.201703451
http://doi.org/10.1002/admt.202000934
http://doi.org/10.1021/i460001a002
http://doi.org/10.1063/1.555955
http://doi.org/10.1002/andp.18551700105


Domains in Heterostructured Perovskite Nanowires: Implications for 

Optoelectronic Devices",  ACS Applied Nano Materials 2023, vol. 6, no. 19, pp. 

17698-17705, doi: http://doi.org/10.1021/acsanm.3c02978 

[165] L. A. B. Marcal, N. Lamers, S. Hammarberg, Z. Zhang, H. Chen, D. Dzhigaev,

M. A. Gomez-Gonzalez, J. E. Parker, A. Bjorling, A. Mikkelsen et al., "Structural

and chemical properties of anion exchanged CsPb(Br(1-x)Clx)3 heterostructured

perovskite nanowires imaged by nanofocused x-rays",  Nanotechnology 2024,

vol. 35, no. 26, doi: http://doi.org/10.1088/1361-6528/ad355c

http://doi.org/10.1021/acsanm.3c02978
http://doi.org/10.1088/1361-6528/ad355c




Department of Physics
Faculty of Science

Lund University

ISBN 978-91-8104-406-5 9
7
8
9
1
8
1

0
4
4
0
6
5


	Tom sida
	Paper1.pdf
	Single vertical InP nanowire diodes with low ideality factors contacted in-array for high-resolution optoelectronics
	1. Introduction
	2. Materials and methods
	3. Results and discussion
	3.1. BCB isolation layer—reflow and device yield
	3.2. BCB isolation layer—bond pad metallization
	3.3. PECVD isolation layer
	3.4. Electrical characterization
	3.5. Photoresponse measurements

	References


	Tom sida
	Tom sida
	Tom sida
	Tom sida
	Tom sida
	Tom sida
	Tom sida
	Tom sida
	Blank Page



